
  

 

REGULATING ELECTROCHEMICAL GROWTH OF METALS 

AT RECHARGEABLE BATTERY ELECTRODES 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Jingxu Zheng 

December 2020



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2020 Jingxu Zheng



 

REGULATING ELECTROCHEMICAL GROWTH OF METALS 

AT RECHARGEABLE BATTERY ELECTRODES 

 

Jingxu Zheng, Ph. D.  

Cornell University 2020 

Scalable approaches for precisely manipulating the growth of crystals are of broad- 

based science and technological interest, and among the most extensively studied 

fields of research. New research interests have re-emerged in a subgroup of these 

phenomena—electrochemical growth of metals in battery electrodes, such as zinc, an 

anode material that underpins several opportunities for developing cost-competitive 

technologies for large-scale electrical energy storage. Quantitative assessment shows 

that a high efficiency/reversibility of the electrochemical  plating/stripping process 

(ie Coulombic efficiency > 99%), is necessary for the successful development 

practical rechargeable electrochemical energy storage systems that utilize a Zn metal 

anode. In practice, however, such efficiency values are usually below 80~90% in 

conventional metal plating/stripping systems. In Chapters 2 and 3, I will show that the 

inefficiency/irreversibility observed in metal plating/stripping is predominantly 

attributable to the metals’ susceptibility to parasitic chemical reactions and propensity 

for producing so-called “orphaned” fragments, which have lost electrical access to the 

electrode substrate termed the current collector. Both of these mechanisms are found 

to share the same origin— the non-uniform, rough electrodeposition morphology of 

metals. This finding motivates the overarching science question in this thesis: can the 

electrochemical growth of metals be strictly regulated in electrochemical cells? 

Despite the large volume of recent literature devoted to answering this question, the 

fundamental crystalline nature of the metal electrodeposits has been largely 

overlooked. Removing this artifice allows us to borrow knowledge from a rich body of 

literature on regulating the deposition process of crystalline materials to pursue fresh 

answers and approaches for achieving highly reversal electrodeposition of metals. 

Results reported in Chapters 4~6 show that such approaches enable development of 

multiple strategies that are unprecedentedly effective in regulating metal deposition 



 

morphology and in achieving high-enough plating/stripping efficiency to meet the 

reversibility requirements as set forth. Specifically, in Chapter 4, I first report that 

heteroepitaxy can be used to direct the shape and orientation of the metal crystallites 

formed on a rationally designed substrate. This strategy leverages crystals’ inclination 

for mimicking the atomic arrangement of the substrate surface, especially when the 

lattice misfit is below a critical value. Secondly, in Chapter 5, I consider the 

fundamental limitation of heteroepitaxy—i.e. the correlation length is finite, meaning 

that the initial regulation of shape and crystallography of a metal deposit are only 

preserved for a finite electrodeposits thickness/electrode capacity. For as fundamental 

reasons, it is shown that this limitation can be overcome by imposing a convective 

flow normal to the electrode surface. The artificial convective flow serves as an 

additional solution-state mass transport mechanism and has a heretofore unexplored 

effect in suppressing chemotaxis-like reorientation of the metal crystallites at high 

areal capacities. I then demonstrate in Chapter 6 that solid-state metallurgy strategies 

for eliminating the built-in crystallographic heterogeneity of commercial foil-type 

metal electrodes, opens a fruitful path to powerful homoepitaxy regulation processes 

in which the metal itself is able to reversibly regulate its own electrodeposition 

morphology. In particular, subjecting a metal electrode to severe plastic deformation 

in the electrode foil-forming process is used to fabricate strongly-textured metal 

electrodes where such crystallographic heterogeneities are eliminated. In addition to 

these physical aspects, it is found that the chemical interaction at the heterointerface 

between the deposited metal crystallites and the substrate—which is actually a crystal 

of a different chemistry—also shows nontrivial influences on the electrodeposition 

process. Chapter 7 and 8 consider these effects from two types of perspectives — 

oxygen- mediated bonding between the metal electrodeposit and substrate and 

alloying, respectively. The results suggest that the chemical affinity at the 

heterointerface is necessary to promote a uniform nucleation/growth landscape and to 

suppress the formation of “orphaned” metal deposits. 
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Introduction 

Abstract: Scalable approaches for precisely manipulating the growth of crystals are of 

broad-based science and technological interest. New research interests have re-

emerged in a subgroup of these phenomena—electrochemical growth of 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 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 (HCP) 

lattice with an anomalous c/a ratio of 1.85, imposes predominant influences on its 

growth. In our view, precisely regulating the SEI and the crystallographic features of 

the Zn offers exciting opportunities that will drive transformative progress. 

 

[Adapted from Chem. Soc. Rev., 2020,49, 2701-2750] 

[Adapted from Science Advances, 2021, 7, eabe0219 ] 
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1.1 Affordable electrochemical storage: promises and challenges of Zn batteries 

The development of affordable energy harvesting and storage technology 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 renewables-sourced power on the electric grid. After decades 

of research and commercialization efforts, photovoltaics (PV) technology have in 

recent years advanced rapidly as a high-efficiency and cost-effective option for 

harvesting renewable electricity from the sun (1). Advances made in lowering cost and 

scaling supply of renewable electricity generated from wind are as impressive (2).  

Fig. 1A illustrates one of the two barriers 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 power demand. 

Second, the supply varies seasonally; meaning that variability of the power supply can 

extend over periods ranging from hours to months. Power interruptions on either of 

these timescales are disruptive and cost tens to hundreds of billion US 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.  
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Figure 1. Assessment of the requirements for affordable electrochemical energy 

storage (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 from ref. (5). (B) Levelized costs of energy (LCOE) 

production from solar-PV compared with levelized energy storage (LCOS) costs for 

representative battery chemistries. Replotted according to ref. (6). Zn-based batteries 

show the lowest LCOS ~$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 relation between N:P ratio and 

Coulombic inefficiency to meet the goal of a battery cycle life equal to 1000 cycles. 
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N:P ratio is defined as the ratio between the capacities of active materials in the 

negative electrode(anode) and the positive electrode(cathode), respectively, assuming 

the materials operate at their theoretical specific capacities. The curves are plotted by 

solving (𝟏 − 𝒙)(𝑻−
𝒚−𝟏

𝒙
) = 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).  
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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 environmental footprint, and versatility/low reliance on ancillary infrastructure (7, 

8). Despite these advantages, the relatively high cost of EES systems limits market 

penetration, particularly in situations where long-term storage is required to address 

variability in the energy supply. EES technology based on earth-abundant and the 

intrinsically low-cost element, zinc (Zn), are among the “oldest” batteries; Alessandro 

Volta’s Letter (9) in 1800 described a pile of Cu-Zn couples to generate stable 

electricity. Primary Zn-MnO2 batteries have been available commercially since the 

early 20th century (10), but despite a very large body of work, efforts to create 

rechargeable Zn batteries have been less fruitful. The low cycle life (<100 cycles) (11) 

typical for such 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) (12); the Zn metal anode undergoes a so-called “shape 

change” process irreversibly depleting the anode metal (13). In recent decades, the 

cycle life of Zn batteries has been extended by approximately one order of magnitude 

(i.e. ~1000 cycles). And, 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 (LCOEsystem). On this basis, we will establish 
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basic performance requirements for achieving practically relevant storage. The 

LCOEsystem is computed using the following formula:  

𝐋𝐂𝐎𝐄𝒔𝒚𝒔𝒕𝒆𝒎 =
𝑪𝑷𝑽+𝑪𝑬𝑺𝑺

𝑬𝑬𝑺𝑺+𝑬𝑷𝑽,𝒅𝒊𝒓𝒆𝒄𝒕
       (Eq. 1) 

The formula takes into account cost (C) and energy (E) terms associated with power 

generation (in this example from PV) and storage (5). 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: 

𝐋𝐂𝐎𝐒 =
𝑰𝟎+∑

𝑪𝑬𝑺𝑺,𝒕

(𝟏+𝒓)𝒕
𝒏
𝒕=𝟏

∑
𝑬𝑬𝑺𝑺,𝒕

(𝟏+𝒓)𝒕
𝒏
𝒕=𝟏

              (Eq. 2) 

Here I0 is the one-time installment cost, r is the discount rate that relates future value 

to present value (usually 5%~8%), CESS,t and EESS,t are the maintenance cost and the 

energy production in year t after installation of the EES system (14). We note that for 

the EES systems of interest in this review, the annual maintenance cost CESS is 

minimal, e.g. 1~2% of the initial investment, I0 (15), which means that the CESS,t term 

in Eq. 2 is generally small and we may approximate it as  

𝐋𝐂𝐎𝐒 ≈
𝑰𝟎

∑
𝑬𝑬𝑺𝑺,𝒕

(𝟏+𝒓)𝒕
𝒏
𝒕=𝟏

                      (Eq. 3) 

Fig. 1B reports LCOS values for a number of EES technologies of contemporary 

interest. These values are evidently 6~20 times larger than those typically reported for 

pumped-storage hydroelectricity and compressed air energy storage (16), explaining 

the traditional dominance of these ESS options. They are also substantially higher than 

reported LCOE for renewable electric power generation using solar PV ($0.05~0.07 
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/kWh) or wind ($0.04~0.08 /kWh) installations (2, 17). At this level of comparison, 

even Zn batteries, which have the lowest LCOS ranging from $0.245~0.345 /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~$0.15)/kWh (6, 18), we predict 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) substantially lower I0; 

and/or (ii) increase EESS. The former is mainly dictated by materials chemistry, and the 

latter by the cycle life of the EES system. In other words, a truly complementary EES 

technology for enabling penetration of renewable power generation on the grid must 

possess 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 requires a cycle life of 30~50 years and one 100% DOD cycle 

per day, corresponding to 10000~20000, 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 10000 is required to achieve a LCOS ≈ $0.1 /kWh, and one able to achieve a 

cycle life above 20000 is required to achieve a LCOS <$0.05 /kWh. Promising 

progresses of cathode development towards this goal have been made in the recent 

years through the rational design of the chemistry and morphology of the active 

materials, e.g. MnO2 and its derivatives. Cycle lives above a few thousands stable 
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cycles at practical areal capacities were demonstrated (19, 20). The performance of Zn 

anodes in stark contrast is one order of magnitude inferior to what has been achieved 

at the cathodes. While 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 40~50% (21, 22).  

Multiple big leaps in the design of all components of the electrochemical cell are 

required to achieve Zn systems that achieve cycle life of 10000~20000 cycles. Fig. 1C 

for example quantitatively 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 further 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 

reversibility 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 morphology of the electrodeposits through two main mechanisms: 

chemical instability and physical orphaning (24, 25). The former describes metals’ 
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propensity for undergoing side reactions with other battery components, e.g. 

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 porous, 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 experimentally in electrochemical cells is 

lower (i.e. oftentimes <90%, sometimes <50%) than one would expect. The non-

compact nature of the porous electrodeposits also creates volume expansion in the 

anode chamber. A perhaps more obvious aftermath of heterogeneous Zn growth is—

the metallic, electrically-conductive Zn deposits, which exhibit a high modulus of 108 

GPa (v.s. 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 

even atomic precision is therefore in our view the key to high-performance Zn metal 

anodes for applications 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 deposition morphology of Zn. Based on that framework, we will 

assess promising approaches for regulating Zn electrodeposition morphology for 

achieving the exceptional levels of reversibility required to drive practical interest. 
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1.2 The polymorphism of zinc metal deposits 

The electrodeposits formed at any metal battery anode upon recharge are by definition 

crystals. For example, zinc is a hexagonal close-packed (HCP) crystal. Interestingly, 

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 is therefore to categorize and 

to understand this obvious polymorphism. Here, we utilize two main descriptors of 

morphology: (a) the geometry of the microstructural building block; and (b) the 

assembly mode of the building blocks. The former describes the symmetry and the 

dimension of the microstructural building blocks, e.g. 1D wires with Φ=1 μm, 2D 

plates with Φ=5 μm; whereas the latter depicts the alignment/orientation of the 

building blocks with respect to the electrode surface in creating the assemblies that  

form the macroscopic electrodeposition layer, e.g. randomly-oriented (Fig. 2A~C), 

horizontally-oriented (Fig. 2D), and vertically-oriented structures (Fig. 2E). Of note is 

that 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 

discussed 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%) > nonaligned plate-like (80~90%) ≈ randomly-

oriented moss-/wire-like (80%~90%) > vertically-oriented dendrites (<50%) (28-

30). 
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Figure 2. Representative morphologies of Zn metal deposits obtained in 

electrodeposition 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, (E) dendritic Zn metal. SEM images of 

chemically-synthesized (F) horizontally-aligned plate-like, (G) moss-like Zn metal. 

Adapted from refs. (22, 28, 31-33). 
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The low reactivity of Zn suggests that, unlike Li where a considerable 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 

electrochemical access to the deposits (24, 25). This can be understood in a 

straightforward manner by picturing the microscopic ion conduction/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 situates in between these two extremes.  

On this basis we contend that in order to achieve Zn electrodes with exceptional 

reversibility benchmarked in Fig. 1C, horizontally-aligned compact Zn 

electrodeposition in the anode are required. Likewise, a clear understanding of the 

fundamental origins of transitions from operating regime where compact deposition 

gives way to less compact/more open Zn electrodeposit morphologies is an important 

first step in the search for interventions that eliminate such instabilities. We note 

further that while we focus here on Zn electrodeposition, these goals are not limited to 

electrochemically deposited Zn: for example, randomly-oriented moss-like and 

horizontally-oriented plate-like Zn crystals (Fig. 2F~G), are in fact observed in vapor 

deposition and liquid-state chemical reactions, respectively; 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 
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the conclusions for meaningful control of Zn crystallization in general. For this 

purpose, we in next section discuss a theoretical framework 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 SEI and the crystal 

anisotropy. 
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Figure 3. Classical electrochemistry framework of Zn metal electrodeposition. 

(A) Schematic diagram showing the four fluxes near the electrochemical interface. (B) 

Current density-overpotential relation of Zn deposition in a 0.05 M ZnSO4 aqueous 

electrolyte. (C) Mass transport limit induced dendritic growth of Zn electrodeposits 

and corresponding concentration profile. Adapted from refs. (34, 35). (D) 

Electroconvection formed near an ion-selective membrane or metal electrodeposits. 

Adapted from refs. (36, 37). (E) Effects of dimensionless Damköhler numbers on 

electrodeposition morphology. (E-1) exchange current density versus diffusion-limited 

current density, and (E-2) reaction rate versus self-diffusion rate. Adapted from refs. 

(38, 39). 
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1.3 Fluxes near the metal deposition interface 

Electrochemical deposition of metals requires reduction of metal ions in an electrolyte 

at an electronically conductive interface. 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 transport 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 ad-atom 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 deposition morphology; in certain regimes, the 

underlying electrodeposit crystal anisotropy may be preserved, and in others it may 

not. 

The electrodeposition reaction flux can be quantified in terms of the faradaic current 

density J , as described by the Butler-Volmer equation: 𝐽 = 𝐽0[𝑒−𝛼𝑛𝑓𝜂 − 𝑒(1−𝛼)𝑛𝑓𝜂]. 

Here, J0 is the exchange current density, α is transfer coefficient, n is the number of 

electrons transferred, f is the inverse of thermal voltage and 𝜂 is the overpotential 

(23). J0 is related to the intrinsic reaction rate: 𝐽0 = 𝑛𝐹𝐶𝑘0, where F is the Faradaic 

constant, C is concentration of the reactant, and 𝑘0 is the standard chemical reaction 

rate constant. It is then possible to connect the observed reaction flux J to the applied 

overpotential 𝜂 and the intrinsic chemical kinetics of the reaction 𝑘0. In turn, this 

relation allows one to experimentally interrogate the reaction kinetics by measuring 

the J and η. For example, Tafel plot (η versus log J) is used to obtain J 0 by 
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extrapolating the measured J to the equilibrium state ( η → 0), and thereby calculate 

𝑘0. The experimentally measured 𝑘0 is an apparent parameter that reflects the overall 

reaction process, which in most cases is multi-step in nature. For example, it includes 

the desolvation (also called dissociation) of the complex ions in the vicinity of the 

electrode and the charge transfer on the electrode surface (40). The measured apparent 

𝑘0 values can be used to infer detailed mechanistic information about the reaction and 

in favorable cases, allowing the details such as the reaction order, 𝑝𝑖 = (
𝜕 log 𝐽

𝜕 log 𝑎𝑖
)

𝜂
, to 

be determined from knowledge of the activity ai of cationic species i in the electrolyte. 

Ready 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- (41, 42), chloride- (43, 44), and alkaline-baths (40, 45).  

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 beneficial effects of low  J 0 values can be theoretically 

understood by comparing the interfacial reactions kinetics to the other kinetic 

variables in the problem through several dimensionless Damköhler numbers: e.g. 

based on (i) the cation diffusion rate in the electrolyte bulk (38); (ii) the self-diffusion 

rate of the deposited metal (39); 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), e.g. PEG-200, at such low 

concentrations in liquid electrolytes that the polymer does not have any obvious effect 
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on the ion or ad-atom transport fluxes. Instead, studies such as the work reported by 

Banik et al. (46), suggest that the polymer additive directly alters J0. The authors 

showed for example that J0 decreases systematically (from 2.28, 2.22, 1.30 to 0.39 

mA/cm2) as the concentration of PEG-200 increases from 0, 100, 1000, to 10000 ppm 

in aqueous  electrolytes. The authors further observed that growth of Zn dendrites is 

inhibited by PEG addition, which is consistent with other studies (47, 48). Analogous 

studies of Cu electrodeposition show by means of in-situ electrochemical quartz-

crystal microbalance (EQCM) 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 (49). 

Assuming that the surface concentration of ions at the electrode does not appreciably 

differ from the bulk concentration, i.e. 
𝐶(0,𝑡)

𝐶∗ =1, the Butler-Volmer equation can be 

linearized for small η and a plot of J versus η would be approximately linear and 

monotonic (see Fig. 3B). Above a certain η 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 = 𝐽0 {
𝐶𝑂(0,𝑡)

𝐶𝑂
∗ 𝑒−𝛼𝑛𝑓𝜂 −

𝐶𝑅(0,𝑡)

𝐶𝑅
∗ 𝑒(1−𝛼)𝑛𝑓𝜂}. As 𝐶𝑂(0, 𝑡) 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 𝛿𝑂 is developed near the electrode, within which 𝐶𝑂(0, 𝑡) substantively 

deviate from C*, as illustrated by the red curve in Fig. 3A. The maximum diffusion 
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flux, i.e. the diffusion-limited current density 𝐽𝑙𝑖𝑚, is an intrinsic property of the 

electrolyte, which can be estimated with some approximations to be 𝐽𝑙𝑖𝑚 = 𝑛𝐹
𝐷𝑂

𝛿𝑂
𝐶𝑂

∗  

(50), where 𝐷𝑂 is the diffusivity of the metal cation (51, 52).  

In pure solution-phase reactions, the diffusion-limited regime is observed as a plateau 

in a J vs η plot, similar to what is observed in the red region in Fig. 3B. In contrast, the 

nature of electrodeposition, 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 of thickness 𝛿𝑂 is proportional to 𝑡1/2 (23, 53), the electrodeposits 

can penetrate this diffusion layer and maintain contact with sufficient cations if it 

grows at a rate faster than 𝛿𝑂. This leads to the observation of an over-limiting regime 

in metal deposition reactions (Fig. 3B) that can be quite different from classical 

expectations (54). A second consequence of this chemotaxis-like electrodeposit 

growth is the increase in deposit porosity and the transition in crystal texturing — 

horizontally-oriented Zn plates observed at a below-limiting current density are tilted 

up above 𝐽𝑙𝑖𝑚, which can be captured by X-ray diffraction (see the discussion of Fig. 

5D) (28). When a rotating-disk electrode (RDE) is applied to artificially limit the 

diffusion layer thickness to a small value < 10 μm, 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+< 0.5M), which have greater diffusion layer 

thicknesses, a group of “diffusion-limited aggregate” (DLA) patterns form, including 

dendritic, ramified, densely branched, etc. (55-58) (Fig. 3C). The hexagonal crystal 
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symmetry of Zn is reflected in the dendritic growth (see the SEM image on the right of 

Fig. 3C-1). Lόpez et al. 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) (34). 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) (35). The iso-contours exhibit 

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, 

𝐽𝑑𝑖𝑓𝑓 = −𝐷𝜵𝐶, where Jdiff is the 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 (59). There is a far richer 

body of literature discussing these DLA patterns owing to its broad implications in 

physics and exist some approaches 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 

(60). 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 (61). The instability arising at high current density is 

reportedly attributable to the initiation of dendritic growth.  

Caution, however, should be made against over-simplifications of these transport 

analyses based on the measured current i because the electrode surface in a metal 
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electrodeposition is not invariant as expected in classical electrochemistry. The 

straightforward consequence is that 𝐽 =
𝑖

𝐴0
  does not hold as A0 evolves over time in 

a nontrivial manner particularly in a diffusion-limited regime where the 

electrodeposits fundamentally alter the electrode landscape; the relation between 

experimentally measured nominal current and the scientifically meaningful real 

current density is no longer explicit. Additionally, because of the patterning of the 

electrode surface by metal deposits, the mass transport field determined by the 

gradients will, as discussed, deviate from the unidirectional situation for planar 

electrode, which needs additional treatment particularly when the length scale of the 

morphological heterogeneities (roughness) is comparable to that of the diffusion 

boundary layer thickness as pointed out by Bard et al. (23)  

Another complication arises from the activation of electroconvective 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 therefore 

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: under-limiting, limiting and over-limiting, similar to that of a 

metal electrode (Fig. 3B). The over-limiting regime can no longer be interpreted as a 

result of ramifying metal deposits penetrating diffusion boundary layer. Initial clues to 
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understanding this over-limiting behavior near an ion selective membrane were 

provided by Maletzki et al., who found that the noisy over-limiting regime completely 

disappears after the 0.01 M CuSO4(aq) electrolyte is “immobilized” by agarose gel 

(62). This observation suggests that the over-limiting current involves the contribution 

from convective mass transport, which has been corroborated by multiple studies 

using microparticles to monitor the hydrodynamic states (63, 64) or using 

interferometry to visualize the concentration field (65, 66). This voltage-driven 

convective flow is thought to stem from the electroosmotic slip in a space charge layer 

developed near the membrane (67-69). Following studies show that the onset of the 

hydrodynamic instability occurs at 𝑉𝑐𝑟 ≈ 8
𝑅𝑇

𝐹
, which is ~ 𝒪(0.1) volt (70, 71); this is 

consistent with experimental observations (50). The initiation and development of 

such convective flow has been evaluated by using direct numerical simulation (DNS) 

to solve the Poisson-Nernst-Planck and Navier-Stokes equation in three dimensional 

space (36) (Fig. 3D-1). The chaotic vortices as delineated by the flow streamlines 

disrupt the extended space charge layer and induce charge imbalance outside the 

extended space charge region, e.g. the ribbon indicated by the rectangle, which has a 

steep concentration gradient and a large induced electric field. It should be however 

noted that the size of 3D DNS simulations is constrained to 1/𝜖 ≪ 104 (where 𝜖 is 

the dimensionless Debye length) due to the computational cost, while experimental 

systems typically has a 1/𝜖 ≫ 104, making the matching between experimental and 

computational parameters challenging (72).  

In comparison with an ion-selective membrane, additional morphological 

heterogeneities and instabilities are at play on a reacting electrode surface where metal 
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deposition reactions occur. While there have been a few studies of the electro-osmotic 

flow near reacting electrodes (73), a quantitative framework that integrated both the 

morphological and hydrodynamic instabilities are not yet available (72). The 

qualitative understanding of a convective flow’s effect on the electrodeposition 

morphology appears, however, straightforward. It can be understood as one considers 

the Nernst-Planck equation governing the mass transport in a dilute 

electrolyte: 𝑁𝑖(𝑥) = −𝐷𝑖
𝜕𝐶𝑖(𝑥)

𝜕𝑥
−

𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖

𝜕∅(𝑥)

𝜕𝑥
+ 𝐶𝑖𝑣(𝑥), where the terms describe the 

contribution from diffusion, migration and convection respectively. As captured by the 

convection term, the pattern of convective vortices will strongly influence the mass 

transport flux, and the metal deposition morphology in a diffusion-limited regime 

therefore exhibits an obvious correlation with the hydrodynamic states of the liquid 

electrolyte — the metal preferentially grows at localities with normal flow velocities 

towards the electrode surface (37) (Fig. 3D-2). It is therefore imperative that these 

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 diffusion limit. In reality, the operation of a macroscopic 

battery system creates local states (e.g. around hotspots of metal deposition (74)) that 

are far away from the apparent condition. This means that additional intervention is 

needed to address the issue. Recent reports show that addition of high molecular 

weight polymers delays the onset of convective flow in metal deposition and 

substantively enlarges the diffusion-limited regime (75). The entanglement among the 

polymer chains above a threshold concentration introduces elasticity to the liquid 
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electrolyte that attenuates convective flows (76). DNS study further shows that the 

flow velocity is reduced mainly due to the polymers’ strong resistance to extensional 

motion (77).  

It should be pointed out that the initial ad-atom distribution landscape is not 

necessarily the ultimate electrodeposition morphology, owing to the contribution from 

surface mobility of the metal atoms (78). 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. 4A). 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 (79); (ii) the possible difference between surface tensions, e.g. γmetal-

electrolyte< γsubstrate-electrolyte, 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” surface 

diffusion barrier Ediff that gives rise to a very large surface diffusivity Ds (80). Jäckle 

et al. performed an ab initio density function theory (DFT) simulation to calculate the 

diffusion energy barrier of the metals used as metal anodes (81). According to the 

DFT calculation, the Ediff of Zn is comparable with, in some situations smaller than, 

that of Mg. The authors, however, attributed the observations 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 solid-electrolyte interphase (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 using annealing 

experiments. At an elevated temperature of 378 K, a 10-minute annealing will 

fundamentally change the shape and crystallographic texture of the Zn — 
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horizontally-aligned, (002)-textured Zn crystallites are formed (82). The fast 

reorientation in annealing is consistent with the high Ds suggested by the DFT study 

by Jäckle et al. We note that  Zn also has a relatively low melting point Tm of 693 K, 

meaning that its homologous temperature TH  of 0.5 correspond to 347 K (74℃). As 

an empirical rule, above 0.5 Tm, self-diffusion becomes prominent in metals, giving 

rise to phenomena such as plastic flow and creep (83). While elevated operation 

temperatures are less practical for aqueous Zn batteries, strategies like local self-

heating induced by high current cycling (84, 85) might be of interest for Zn. 

As noted earlier, the Damköhler number is a dimensionless group that allows the 

absolute values of fluxes an electroreduction reaction rates to be compared. Because 

mass transport fluxes take many forms at a metal electrode, there are multiple 

Damköhler numbers. The Second Damköhler number, 𝐷𝑎,𝐼𝐼 =
𝐽0

𝑛𝐹𝐷/𝐿𝑉𝑚
 ≈ 𝐽0/𝐽𝑙𝑖𝑚  

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 Vm is the molar volume (38). The phase-field analysis of Cogswell 

show that 𝐷𝑎,𝐼𝐼 plays a key role in determining the electrodeposition morphology of 

Zn metal; smooth deposition is favored at small 𝐷𝑎,𝐼𝐼 ≪ 1, while obvious dendritic 

deposition occurs at 𝐷𝑎,𝐼𝐼 ≫ 1 (Fig. 4E-1) (38). The physical significance is that the 

deposition is kept within a reaction-limited regime 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. 

revealed that the current distribution on the surface of a columnar dendrite is 
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homogenized at a low 𝐷𝑎,𝐼𝐼 ≈ 0.5, while the current concentrates on the dendrite tip 

(roughly one order of magnitude higher at the tip than on the side) at a high 𝐷𝑎,𝐼𝐼 ≈

50 (86). These simulation results provide a theoretical explanation of the finding by 

Banik et al. (46) that lowering 𝐽0 by adding low molecular weight polymer to a liquid 

electrolyte stabilizes Zn deposition. The diffusivity D and conductivity κ of a dilute 

electrolyte are related through the Nernst-Einstein equation. 𝐷𝑎,𝐼𝐼 can therefore be 

written as 𝐽0/κ , which can explain the widely reported effect of high-ionic-

conductivity electrolyte in stabilizing electrodeposition of metals (87).  

Davidson et al. introduced another Damköhler number 𝐷𝑎 =
𝑘𝑒

𝑘𝑑
, where 𝑘𝑒  the is 

electrochemical reaction rate, and 𝑘𝑑 is the surface diffusion rate (39). As shown in 

Fig. 4E-2, a large 𝑘𝑑 value results in a small 𝐷𝑎 ≪ 1, and predicts planar, film-like 

metal deposition. In contrast, a small 𝑘𝑑 value leads to 𝐷𝑎 ≫ 1 and rough/dendritic 

electrodeposition. Taken together, it is in generally agreed that a moderately small 

exchange current (slow reaction kinetics), large diffusion limited current density (high 

electrolyte ion diffusivity), and high ad atom self-diffusivity are favorable for 

achieving smooth electrodeposition morphology. We however point out that, the real 

scenario in metal deposition is more complicated than assumed in the modelling 

studies; the main additional degree of complication stems from the presence of a solid-

electrolyte interface (SEI) formed in between the metal deposits and the electrolyte. 

The role played by such SEI layer is treated in the next section. 
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Figure 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 Zn2+ electrolytes. (B-1) Pourbaix diagram. The upper and lower 

dashed lines represent oxygen evolution and hydrogen evolution reactions, 

respectively; (B-2) fractions of different Zn2+-based species. (C) Transmission 

electron microscopy (TEM) characterization of Zn electrodeposits. Adapted from ref. 
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(88). (C-1&2) TEM images and (C-3) selected area electron diffraction pattern. (D) 

Water-in-salt electrolyte for Zn metal deposition. Adapted from ref. (89). (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 solvated Zn2+ in acetonitrile on electrode surface. Adapted from 

ref. (90). (G) Cyclic voltammetry of organic Zn battery electrolytes: (G-1) acetonitrile-

Zn(TFSI)2; (G-2) acetonitrile-Zn triflate; (G-3) propylene carbonate-Zn(TFSI)2. 

Adapted from ref. (91). 
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1.4 Chemistry of the electrolyte and the solid-electrolyte interphase (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 impacts the rate and stability of 

mass transport processes. 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 electrode, e.g. the solid-

electrolyte interphase (SEI) first proposed by Peled in 1979 to interpret the behavior 

of alkaline metal in nonaqueous electrolytes (92). The SEI has received enormous 

attention because of its hypothetical role in formation of moss-like Li metal deposition 

(87, 93, 94). While it is generally agreed that the SEI between the electrically-

conductive metal and the ionically-conductive electrolyte significantly 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 access the arriving metal ions by tunneling through the SEI, another is 

that ions access electrons from the underlying metal via transport through the SEI (95). 

In either scenario, a SEI that is simultaneously heterogeneous and insulative (in terms 

of electron and/or ion transport), would facilitate heterogeneous metal deposition by 

facilitation growth along local high-diffusivity pathways (87). It is therefore important 

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 towards this goal, the formation mechanisms of SEI in the 

electrolytes needs to be understood.  
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Fig. 4A summarizes 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, it is clear that the aqueous electrolytes  (96) appear as the 

most desirable option for its high operation current density (≈50 mA/cm2) and low 

cost (<$1/kg) when paired with cost-effective cathodes such as MnO2 (20, 97). 

Compared with electrolytes that generate multiple inorganic/organic/polymeric 

products, aqueous Zn electrolytes 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-H2O illustrate the stable species in the electrolyte under certain conditions, e.g. 

potential, pH. To avoid a pure solid conversion of Zn(s)↔ZnO(s) that has slow kinetics, 

a Zn anode operates either in an acidic regime or in an alkaline regime, where the 

oxidative Zn2+ 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 H2 

gas in these regimes, creating a local pH deviation towards the neutral regime that 

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 this mechanism usually belongs to the 

category of oxides or hydroxides. Fig. 4C reports a transmission electron microscopy 

(TEM) investigation of the Zn nanowires electrodeposited from ~0.2 M ZnCl2 

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 
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ZnO at the surface of Zn metal anode is supported by other ex-situ electron 

microscopy studies (98, 99) and in-situ characterization techniques, e.g. 

electrochemical-acoustic time-of-flight analysis (100).  

SEI prevents the direct contact between Zn metal and electrolyte. It on the one hand 

suppresses the gassing reactions, on the other introduces heterogeneity into the 

transport pathways as discussed. For Li metal, who has a stronger propensity for SEI 

formation owing to the low electrochemical potential, it is generally accepted that the 

persisting moss-like deposition morphology in multiple electrolytes (24) is caused by 

heterogeneous SEI (87, 94). 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 alkaline electrolyte are observed at 

small overpotential (~20 mV) (101) or low current densities 𝑖
𝑖𝑙𝑖𝑚

⁄ <0.4 (102). This 

indicates that SEI is playing a more dominant role at low current density/overpotential 

than it does at large overpotential or high current densities. We hypothesize 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 result in the moss-like deposition morphology. Initial experimental 

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 overpotential (150 mV) (99). Existence of ZnO crystallites is consistently 

detected under these two conditions but in different geometries and quantities. At 

higher overpotential, 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 
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ZnO has a significantly higher content and a heterogeneous spatial distribution. The 

Zn metal deposits under these two conditions show morphologies in stark contrast: 

(002) textured single crystalline Zn plates at large overpotential, and tortuous, 

polycrystalline nano-aggregates without specific orientational order. These direct 

TEM observations on 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 

ZnSO4-based electrolytes is of immediate interest in understanding the structure and 

composition 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) (103). 

Similarly, the Zn structure shown in Fig. 4C also extends along a low-index zone axis, 

i.e. [12̅0], 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 

regime. The composition and the structure of SEI on Zn and its effect on deposition 

morphology is still under active investigation. For example, some claim that 

Zn4SO4(OH)6·4H2O is also detected on electrodeposited Zn metal (104-106), as 

opposed to the ZnO observed in other studies as mentioned. Advanced 

characterization techniques, e.g. HRTEM/STEM, could provide important insights 

into the SEI of Zn metal in order to resolve these remaining questions about the nature 
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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 (107). 

The moss-like electrodeposition morphology is obviously undesirable, 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, a groups of 

water-in-salt electrolytes are designed, where the salt concentration is unusually high, 

e.g. >20 m (108, 109). The water-in salt electrolyte can comprise a high solubility Zn 

salt, e.g. ZnCl2 (110-113), or a high solubility Li salt (e.g. LiTFSI) plus a Zn salt of 

normal concentration ~ 1m (89). In such electrolytes, Zn deposits in a more compact 

morphology without ZnO as detected by XRD, featuring high Coulombic 

efficiency >99% over a moderate cycle life (>200 hours) at 1 mA/cm2 (Fig. 4D), in 

contrast to the <50% and the <80% CEs achieved in alkaline and mildly acidic ZnSO4 

electrolytes, respectively (89). 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 
# (𝐻2𝑂)+# (𝑎𝑛𝑖𝑜𝑛)

# (𝑐𝑎𝑡𝑖𝑜𝑛)
 ratio still remains at a low level, 

i.e. 3.6 for 1m Zn(TFSI)2 + 20m LiTFSI. The significant change in solvation sheath 

structure under such conditions is anticipated to alter the SEI chemistry on Zn 

electrode (114) and the electrokinetics of the deposition reaction (115). It is also worth 

noting that water-in-salt electrolytes show an enhanced electrochemical stability 

against oxidation, allowing the reversible operation of high-voltage cathodes in 

aqueous electrolytes e.g. Li2Mn2O4 (89), LiFePO4 (116). These stabilizing effects 
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increase the energy throughput per cycle and guarantees the 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 by 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 reports on a concept of localized high-

concentration electrolytes (LHCE) for alkali metal anodes (117-119)— a secondary 

“diluent” solvent, miscible with the primary solvent but does not dissolve the salt, is 

added 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)2 in 

acetonitrile, which is comparatively faster than the kinetics of Mg, another HCP metal 

(90). Han et al. reported on a comprehensive experimental study of the 

electrochemical properties of nonaqueous Zn electrolytes including the combinations 

between one of the salts: Zn(TFSI)2, Zn(CF3SO3)2, Zn(BF4)2, Zn(PF6)2 and one of the 

organic solvents: diglyme, acetonitrile(AN), propylene carbonate(PC), N.N-

dimethylformamide (DMF) and diglyme (G2) (91). Among these combinations, AN-

Zn(TFSI)2, AN-Zn(CF3SO3)2 and PC-Zn(TFSI)2 are singled out as promising Zn 
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battery electrolytes owing to the high-voltage stability(>3.3 V versus Zn2+/Zn) and the 

absence (or negligible observation) of undesirable additional redox reactions, and the 

reversible Zn plating/stripping behaviors (see cyclic voltammetry scans in Fig. 4G). 

An additional finding according to the cyclic voltammetry is that AN-based 

electrolytes show fastest kinetics as evidenced by the current density. The authors 

show that AN-based electrolytes have significantly high ionic conductivities, (e.g. 

using Zn(TFSI)2 salt, the ionic conductivity equals to 11, 6, 2, 2 mS cm-1, respectively 

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-based electrolyte 

(120-122). It could also be attributable to the one-step, two-electron transfer 

mechanism of Zn as predicted by simulation (90), which results in a large reaction 

constant five orders of magnitudes 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 electrodeposition persists across all 

the three electrolytes as shown by the SEM images in the lower 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 

(123, 124). DFT calculations show that the coordination with Zn2+ cations destabilizes 

the TFSI- anion, lifting its reduction potential to 0.37 V Zn2+/Zn. This means that as 
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least a portion of the TFSI- anions decompose before the occurrence of Zn metal 

deposition at 0 V Zn2+/Zn (115).  

This exemplifies the second mechanism of SEI formation on Zn— redox reaction. 

Spectral studies reveal that the decomposition product of TFSI- is complicated— 

ZnF2, ZnO, sulfide species, N-rich species and organic functional groups are detected. 

Calculations further show that the ion diffusion activation energy across these species 

is comparable to that of typical Li metal SEI formed in LiPF6 EC/DMC (49.7 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 (125-127). 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 landscape, and therefore may needs as precise regulation as one would 

expect for Li metal deposition. Understanding the SEI in organic systems with spatial 

resolution remains a relatively untapped area. Utilizing 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. 
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1.5 Crystallography of Zn 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 extraordinarily high anisotropy associated with Zn’s crystal structure. 

As shown in Fig. 5A, Zn metal adopts a hexagonal-close packed lattice (i.e., HCP, 

space group: P 63mmc) 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 close-packed planes in HCP, while there are by symmetry multiple such axes 

perpendicular to the (111)-family closed-packed planes in a FCC crystal. It should be 

noted that the Zn crystal shows an additional elongation along the c axis because of 

the hybridization between s and p valence bands (128). In other words, 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 c/a ratio of 

Zn ≈ 1.85 > 1.63), further elevating Zn metal’s crystallographic anisotropy. These 

qualitative statements can be quantitatively validated by evaluating the surface energy 

anisotropy factor 𝛼𝛾 of each crystal as tabulated in Fig. 5B (129, 130). While the 

weighted surface energy �̅� of Zn is comparable to other metals, the anisotropy 𝛼𝛾 of 

Zn is by far the greatest. Specifically, it is 2 times larger than Mg, an ideal HCP 

crystal, and approximately 4 times greater than that of cubic metals.   
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Figure 5. Crystallographic characteristics of zinc. (A) Crystal model for 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 surface energy anisotropy 𝜶𝜸  of representative anode 

metals. �̅� = ∑ 𝜸𝒉𝒌𝒍𝒇𝒉𝒌𝒍
𝑨

(𝒉𝒌𝒍) , where 𝜸𝒉𝒌𝒍 is the surface energy of (hkl), and 𝒇𝒉𝒌𝒍
𝑨  is 



 

44 

 

the area fraction of the (hkl) family in the Wulff shape. 𝜶𝜸 =
√∑ (𝜸𝒉𝒌𝒍−�̅�)𝟐𝒇𝒉𝒌𝒍

𝑨
(𝒉𝒌𝒍)

�̅�
. 𝜶𝜸 

can be viewed as a normalized coefficient of variation of surface energy. A greater 𝜶𝜸 

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, 𝜶𝜸=0. Plotted 

according to data reported in ref. (129). (C) Wulff shapes for metals of contemporary 

interest as battery anode materials. They depict the shape of the crystals at 

thermodynamic equilibrium. Adapted using the database reported in ref. (129). (D) X-

ray diffraction (XRD) analysis of the crystallographic texturing of Zn metal 

electrodeposits. (D-1) θ-2θ XRD line scans of Zn electrodeposits. (D-2) peak intensity 

ratio I002:I101 of the scans shown in 5D-1. (D-3) 2D XRD of samples #3 and #4 shown 

in 5D-1. Adapted from ref. (28). 

 



 

45 

 

The consequence of this large anisotropy can be visualized by plotting the Wulff shape 

for each crystal (Fig. 5C). Wulff shape predicts the equilibrium faceted morphology of 

a crystal by minimizing the overall surface energy ∑ 𝛾ℎ𝑘𝑙𝐴ℎ𝑘𝑙(ℎ𝑘𝑙)  (131, 132). While 

it is apparent 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 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 (133) and chemically grown (32) Zn nanocrystals. This also explains the 

numerous observations of the 2-dimensional, 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 (31) based on the Wulff shape of Zn in Fig. 

5C appease as less successful. It is noteworthy that these Wulff shapes are built 

assuming the crystal is exposed to vacuum. In a solution, the interphase that adhere 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 (134, 135). For example, when the deposit surface is cover by a thin 

(~5 nm) ZnO interphase, the Zn crystal grows preferentially along the [002] direction, 

forming one-dimensional wire-like structures (136). Analogous uniaxial growth along 

the [002] direction is also reported in vapor deposition of Zn under NH3 gas, where a 

Zn3N2 interphase possibly formed by reaction with the NH3 gas can produce a 
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structure-directing effect (137). 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 form on the surface of Zn will impose a strong effect on the 

deposition process, via the alterations of mass transport pathway and/or of crystal 

surface energy. Also of particular interest here is that the moss-like Zn morphology 

has been observed in vapor deposition (33). This seemingly contradicts with our 

conclusion that the SEI formed in liquid electrolytes engenders moss-like growth 

because one may think 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 towards the conclusion that — these wire-like Zn 

deposition morphologies are fundamentally correlated to the interphasial chemistry. 

In short, 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 explain another critical feature of Zn electrodeposit 

morphology — the alignment of the building blocks with respect to the electrode 

surface as shown in Fig. 2C~E — “texturing”. 

The crystallographic texture of metal electrodeposits is determined by two main 

factors: the substrate and the overpotential (94, 99, 138). The influence of substrate 

can be most fruitfully interrogated using the concept of hetero-epitaxy, which 

describes a group of crystal growths in which the epi-layer forms a semi-/coherent 

interface with the substrate and therefore shows locked orientation relation with the 
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substrate (139). There is a set of well-defined criteria for this hetero-epitaxy to occur: 

(a) the lattice misfit between the two crystals δ is smaller than 15%, and (b) the 

substrate is textured with favorable facet(s) being exposed (140). As these criteria are 

satisfied, the newly-nucleated metal spontaneously aligns with the substrate and forms 

the semi-/coherent interface in order to minimize surface energy. This hetero-epitaxy 

provides an effective manipulator for regulating the electrodeposition morphology of 

metals. We showed recently that horizontally-aligned graphene layer, which has a 

δ=7% with Zn, can effectively promote the formation of horizontally-aligned, (002)-

textured Zn plate-like electrodeposits that claims plating/stripping efficiencies >99.6% 

over thousands of cycles (22, 79). In the early exploration of a group of powder-based 

Zn electrodes used in alkaline batteries (141), it has been suggested that the addition of 

some metal oxides (e.g. PbO or SnO) introduces a similar epitaxial effect (142). 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 (143). Even without an epitaxial 

substrate, metal electrodeposits were found to exhibit some degree of texturing 

behaviors depending on overpotential as reported in early studies (144, 145). This 

phenomenon was rationalized in later works by considering work of formation of a 

two-dimensional nucleus Wℎ𝑘𝑙 =
𝐵ℎ𝑘𝑙

1

𝑁𝐴
(𝜇−𝜇0)−𝐴ℎ𝑘𝑙

, where NA is the Avogadro number, 

𝜇 − 𝜇0 is the overpotential, A and B are constants determined by the works for 

separating an atoms from a crystal (146, 147). It is argued that when the overpotential 

is large, the Ahkl term can be neglected and Bhkl dominates Whkl; when the 
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overpotential is small, the Whkl will instead depend much upon Ahkl. Based on 

calculation, for HCP crystal, W002<W101 at low overpotential, and W002>W101 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).  

It is however worth noting 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 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 

epi-crystal can lose the strong correlation with the substrate (148). In battery 

electrodes, this transition can be initiated by mass depletion developed near the 

electrode surface as the deposition 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, 149). 

In summary, through the discussions of Fig. 3~5, an overarching theoretical 
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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. 
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Figure 6. Approaches for regulating Zn electrodeposition morphology at the 

anode. Red: design of electrode substrate/architecture. Adapted from refs. (21, 22, 

150, 151); Green: design of artificial solid-electrolyte interphase (ASEI). Adapted 

from refs. (152-154); Blue: design of electrolyte.  
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1.6 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 

electrochemical growth of Zn metals in batteries. Based on 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 control the Zn deposition morphology. 

We first consider the onset of electrodeposition, namely nucleation. 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 approach the problem of uncontrolled Zn growth from re-designing 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 (a) locks the horizontal alignment and (b) reduces the nucleation 

energy barrier, which promotes a homogeneous nucleation landscape. The latter can 

also be fulfilled by covering the electrode surface with a “zincophilic” coating layer, 

that shows a greater wettability with Zn. The metal-philicity also provides a 

thermodynamic driving force for smoothening self-diffusion processes as previously 
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discussed. Metal-organic-framework (MOF) materials were recently shown to be 

capable of facilitating uniform Zn nucleation via similar mechanisms (Fig. 6B) (150, 

155, 156). 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 metal-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 process (157).  

In addition to these approaches that tune the interfacial physiochemical 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 are made of particulate Zn 

metal and functional additive salts including fluorides (e.g. KF, NaF), oxides (e.g. 

Bi2O3, PbO), hydroxides (e.g. Ca(OH)2) as the starting materials (141). These 

functional salts serve a broad range of purposes, such as suppressing H2 evolution, 

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. proposed to fabricate monolithic 

Zn sponge that ensures persistent wiring throughout the nonplanar, porous architecture 

(left panel of Fig. 6C) (21, 158). 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 
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mAh/cm2, without incurring battery failure either by shape change or internal short. 

This performance is suggestive of its immediate practical interest as an alternative to 

Li-ion systems. The authors attributed the stability of Zn deposition to the maximized 

electrified interface which homogenizes the current distribution, and to the 

confinement of Zn species in the interior of the architecture which retards the shape 

change (159). An alternative approach towards nonplanar metal anode is to use a 

nonplanar substrate made of conductive materials that remains inactive throughout 

battery operation, e.g. Cu skeleton (right panel of Fig. 6C) (104, 151, 160, 161) or 

interconnected carbon fibers (24, 162-164). This offers additional degree of freedom 

in tuning the deposition by designing the hetero-interface between the host and the 

metal deposits; for example, Zn and Cu can form solid solution and intermetallic 

compounds (e.g. CuZn5) (151). As mentioned earlier, it is generally believed that this 

type of chemical affinity at the interface can reduce the nucleation energy barrier and 

homogenize the nucleation landscape, which in part determines the subsequent growth 

process; consistent observations are also made in Li electrodepositions (165-167). We 

speculate that nonplanar architectures with rationally designed surface chemistry could 

serve as a robust path towards 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 (94). Considerable 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 like what the 

optimal pore geometry, pore size, and pore volume fraction are for Zn metal 

deposition remain underexplored (168, 169). 
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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 solid-electrolyte interphase 

(ASEI) that exhibits desirable properties (see the green block). This ASEI can be of a 

variety of chemistries—polymers (Fig. 6D; e.g. polyamide (152), polypyrrole (170), 

ionomers (171)), carbons (Fig. 6E; e.g. amorphous carbon nano shell (154), graphene 

oxide (172)), ceramic (Fig. 6F; TiO2 (153), CaCO3 (173), ZrO2 (174), aluminosilicate 

(175)), etc. The common nature of these coatings is that they regulate the mass 

transport at the front electrodeposition interface. In the first place, they block the 

transport of H2O and prevent the direct contact between the electrode surface and the 

aqueous electrolyte, which is the main origin of undesirable parasitic reactions 

including hydrogen evolution, salt precipitation, etc. (176) Secondly, it is thought that 

the ASEI interphase, which should be uniform in terms of composition and thickness, 

can homogenize the transport of Zn2+ cations towards the electrode surface. In 

comparison, the cation transport flux could be dominated by a heterogeneous SEI 

formed without proper control before or during the electrodeposition (87). Finally, we 

also note that implementing this ASEI strategy at the nanoscale opens up unique 

opportunities. Wu and coauthors reported a type of nanostructured Zn electrode 

composed of ZnO nanoparticles coated by electrically-conductive carbon nanoshell 

(Fig. 6E) (154). The main uniqueness is that the active soluble Zn2+ species are 

confined within the carbon nanoshell. Upon electrodeposition, the locally-confined 

Zn2+ 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 
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feature therefore substantively differentiates the scenario with the one described by 

classical theories. The original mass transport limit in the liquid electrolyte might be 

lifted since no such long-range diffusion process is activated in this scenario of nano-

confinement. These observations suggest that ample opportunities, both to explore 

fundamental science questions and to solve engineering problems, exists 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 sub-categories as illustrated 

in the blue block. Electrolyte additive is perhaps the most extensively explored 

direction through the recent decades as evidenced by the large volume of works 

published on it. The additives can work chemically — e.g. trace amount of Pb2+ 

additive co-deposits with Zn, promotes the growth of (002) basal plane and suppresses 

the dendrite initiation (177-179) — or physically — e.g. 0.5~2 wt% of PEG additive 

(Mw=8×106 g/mol) reduces the average flow velocity, eliminates regions of high 

local velocity and thereby extends the overpotential range where the electrodeposition 

remains stable (see upper panel of Fig. 6G) (75). A general, physically-based 

framework for understanding  the effects of additive on electrodeposition 

morphology is established by Haataja et al. (180, 181). 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* (lower panel of Fig. 6G). In reality, the additives can undergo 
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additional, chemistry-specific interactions with the electrodeposits. 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.  

Fig. 6H reports the second sub-category, quasi-solid electrolytes—mostly gel polymer 

electrolytes (GPE)—for Zn batteries. The main advantage of a quasi-solid GPE over 

an all-solid-state electrolyte is that the fast electrode kinetics of the Zn chemistries in 

aqueous electrolyte is preserved, both at the interface(i.e. wetting) and in the bulk 

electrolyte(i.e. ionic conductivity). In comparison with conventional aqueous 

electrolyte, the rationale for using GPE is manifold — (a) it stabilizes water molecules 

by abundant hydrogen bonds that can form on the polymer matrix; (b) it expands the 

temperature window of the electrolyte and (c) 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 (182). An aspect that 

does not receive as much attention is the mechano-electrochemical interaction 

associated with the creation of the solid metal phase at the interface between the 

electrode and the (quasi-)solid state electrolyte (upper panel of Fig. 6H). This 

interaction can be captured by a modified Butler-Volmer equation 𝐽 =

𝐽0 𝑒𝑥𝑝 [
(𝛽𝑚−𝛽)𝛺𝜎ℎ,𝑠𝑢𝑟𝑓

𝑅𝑇
] [𝑒𝑥𝑝 (

(1−𝛽)𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛽𝐹𝜂

𝑅𝑇
)] , where 𝛽𝑚  is the mechanical 

cathodic symmetry factor, 𝜎ℎ,𝑠𝑢𝑟𝑓 is the hydrostatic pressure on the surface, Ω is the 

partial molar volume (183, 184). Phase field modeling result shows that even in a 

ZnSO4(aq) liquid electrolyte, significant compressive stress develops at the deposition 

interface and initiates mossy growth of Zn (184). In viscoelastic liquids and polymers, 

hydrostatic stresses at the interface stabilize the deposition; a critical shear modulus of 
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the electrolyte exists (𝐺𝑆 ≈ 𝑅𝑇[(1 −
𝑣𝑐

𝑣𝑚
)(𝑣𝑐 + 𝑣𝑎,𝑚)], where 𝑣𝑐, 𝑣𝑚 and 𝑣𝑎,𝑚 are 

the partial molar volumes of the cation, the metal, and the mobile anion in the 

separator), above which dendritic growth is suppressed (71, 185). Stability analysis 

shows that, unstable transport can be mechanically stopped when the deposit size is 

smaller can a critical value 𝜆∗ ≈
𝑣𝜎𝑡𝐿𝑖𝐺𝑆

𝐽𝐹𝐿
, meaning that the stable regime expands as 

𝐺𝑆  becomes larger (lower panel of Fig. 6H). Recently, a previously unexplored 

regime was assessed in recent studies by Ahmad et al;  in this regime, 𝑣𝑐 is smaller 

than 𝑣𝑚, which is usually the case for inorganic solid electrolyte (186, 187). Under 

such conditions, hydrostatic stresses destabilize the interface, and stable deposition is, 

interestingly, achieved at low electrolyte modulus (i.e. 𝐺𝑆/𝐺𝑀 < 0.7, where 𝐺𝑀 is 

the shear modulus of the metal). These modelling and theoretical analyses provides 

roadmaps in designing (quasi-)solid state electrolytes for Zn that stabilize the 

electrodeposition process. The third sub-category of electrolyte innovation centers on 

the concept of water-in-salt electrolytes (Fig. 6I), which has been discussed in detail in 

previous section. As is obvious in Fig. 6I, the Zn deposition undergoes a transition 

from a moss-like porous morphology to a more compact morphology as the 

#H2O/#ZnCl2 ratio decreases (110). 

We then would like to draw the readers’ attention to a group of external factors (see 

the purple block) that can under some conditions dominate the electrodeposition 

morphology but are sometimes overlooked. Even though batteries are usually closed 

electrochemical cells, multiple influences can still be exerted in a dynamic manner, e.g. 

by imposing a magnetic field (Fig. 6J) or by adopting a pulsed charging protocol (Fig. 
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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. 6J) (188). In the generic context of electrodeposition, 

it is believed that a magnetic field augments the mass transport by a 

magnetohydrodynamic effect — a convection in the liquid electrolyte is induced due 

to the Lorentz force: 𝐅𝐋 = 𝐣 × 𝐁 (189). This concept has been recently explored in 

rechargeable Li metal anodes (190, 191). Of particular interest for Zn is that, the 

crystallographic orientation can be controlled under a high magnetic field (12 T). 

Taniguchi and coworkers observed that the Zn deposits are strongly (002)-textured 

with a magnetic field perpendicular to the substrate (192). The authors argue that this 

is a result of the large anisotropic magnetic susceptibility of HCP Zn. Upon the 

application of an external field, a magnetization energy is generated: 𝑈 =

−
𝜇0𝜒

2(1+𝑁𝜒)2 𝐻2, where 𝜇0 is the vacuum permeability, N is the diamagnetic coefficient, 

𝜒 is the magnetic susceptibility and H is the external magnetic field. Magnetic 

susceptibility χ is a second rank tensor:  𝑀𝑖 = 𝝌𝑖𝑗𝐻𝑗, which has different values 

along c and the basal directions as dictated by the HCP lattice symmetry. Specifically 

for Zn, along the c axis: 𝜒𝑐 = -1.33×10−5; along the a and b axis: 𝜒𝑎,𝑏= -1.81×

10−5. 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 diffusion limit, meaning that the magnetohydrodynamic convection 

induced by the high magnetic field may also play a role in determining the texture, as 

shown in the RDE study as discussed previously (28). Future studies could focus on 
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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 mechanism is quite straightforward as illustrated in 

the upper panel of Fig. 6K: a relaxation period is inserted to allow the re-

establishment of the Zn2+ species near the electrode, which prevents ion depletions and 

the initiation of electroconvective flows. Therefore, the dendritic growth of Zn is not 

observed when using a pulsed charging protocol (lower panel of Fig. 6K). A few 

studies report on the crystallographic orientation of Zn deposits obtained with pulsed 

protocol (193, 194). 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 optimization of the pulse parameter (195). 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). Hydrogen evolution reaction (HER) 

generates bubbles at the electrode surface, creating large volume change in closed 

electrochemical cells. The presence of bubbles on electrode surface significantly 

influences the deposition morphology; for example, these H2 bubbles template the 

growth of Zn as visualized by in-situ X-ray phase-contrast imaging (196). This effect 

of bubble-templating is exacerbated when trace amount of Cu2+ ions is present, 

accelerating the rate of HER (upper panel of Fig. 6L) (177). A study by Hsu et al. 
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however reports different observations, where no such bubble-templating phenomenon 

is observed (197); instead, the dendritic Zn preferentially grows among the bubbles 

formed on the electrode surface (lower panel of Fig. 6L). The authors attribute this 

phenomenon 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. Zn2+ concentration, etc.). 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. 
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Chapter 2. Non-Planar Electrode Architectures for Ultrahigh Areal 

Capacity Batteries 

 

Abstract: We report on the design of a battery electrode architecture in which ion and 

electronic transport pathways are continuous, and span the entire volume of a thick, 

non-planar electrode. It is shown that for a range of active materials conductivities, the 

length scale for electronic transport in such an architecture can be tuned by simple 

manipulations of the electrode design to enable good access to the active material. The 

benefits of such electrodes for basic science research and practical lithium metal 

batteries are demonstrated in low-N:P ratio cells in which a conventional (300- 800 

µm) Li foil is successfully cycled with LiCoO2 cathodes with high areal capacities 

(10- 28 mAh/cm2). 

 

 

[Adapted from ACS Energy Lett. 2019, 4, 1, 271–275] 
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Figure 7. Rationale for using high areal capacity cathodes in Li metal battery. 

(a) Energy density of Li-LCO battery; Red curves and blue curves report dependencies 

of energy density on negative:positive (N:P) capacity ratio and electrolyte: electrodes 

mass ratio, respectively. (b) Comparison between multilayer thin electrode 

configuration (left) and single layer thick electrode configuration (right).  

 

 

 

 

 

 

 

 

 

 



 

63 

2.1 Introduction 

Rechargeable batteries based on the Li metal anode have reemerged as an area of 

intense scientific and practical interest in the last decade (87, 198). The source of this 

interest is on the one-hand obvious — the specific capacity of the Li anode is one 

order of magnitude higher than graphite (3860 v.s. 372 mAh/g) and the standard 

potential for reducing Li ions in solution to the metal (Li+ + e- → Li(s)) is fully (200-

300)mV lower than the corresponding intercalation reaction with graphite to form 

LiC6. The interest is on the other hand problematic because the practical energy 

density of a battery is dependent not only on the anode chemistry, but also on subtle 

and often ignored parameters, including the negative to positive electrode capacity 

ratio (N:P ratio), electrolyte to electrodes mass ratio and weight of other battery 

components, e.g. separator, etc. Fig. 7A highlights the tradeoffs between the 

oftentimes conflicting design parameter choices that must be made in creating Li 

metal batteries (LMB) that live up to the promise offered by the anode. The figure 

shows that a Li metal cell that uses a conventional intercalating cathode can only truly 

outperform a conventional Li-ion battery when the N:P ratio is kept below 5:1. 

Unfortunately, because some fraction of Li in the battery will inevitably be lost to 

parasitic reactions in forming the Solid Electrolyte Interface (SEI) on the metal anode 

and because the specific capacity of Li metal is about 20 to 30 times higher than that 

of conventional intercalation Li-ion cathode (usually around 150 mAh/g), it is 

extremely difficult to evaluate Li metal anodes under the stringent N:P conditions that 

will be required to establish practical cell viability. 
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Figure 8. Li metal plating/stripping Coulombic efficiency. (a) 1 mAh/cm2 and (b) 

10 mAh/cm2 Li||Cu cells.  
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Figure 9. Design principles and fabrication of nonplanar high areal capacity 

electrodes. (a) illustration of the principle that active material particles need to be both 

electronically and ionically wired. Illustration of the electron transport length scale in 

(b) 2D/planar electrode and (c) Non-planar electrode based on carbon cloth; (d) 

illustration of the fabrication of a non-planar cathode. (e) SEM image and (f) EDS 

mapping of a non-planar LCO cathode (red for cobalt; yellow for carbon). 
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Of the conventional approaches towards increasing the N:P ratio in an LMB, strategies 

which (a) use a thin Li foil (e.g. as created by roll pressing or Physical Vapor 

Deposition (PVD)) to lower the areal capacity of the anode (199), or (b) utilize 

cathode architectures that introduce non-planarity and thereby higher areal capacity 

are the most practiced. Comparing the two approaches, the disadvantages of the 

former are as plentiful as they are fundamental, as illustrated in Fig. 7B. First, as the 

Li foil becomes thinner, more of the active material in the anode is present at the 

interface with the electrolyte, meaning that a greater fraction of the active anode mass 

is loss in creating the SEI on Li (See Li plating/stripping efficiency in Fig. 8). Second, 

the mechanical robustness of anode will deteriorate, meaning that its ability to 

accommodate cyclic volume changes associated with the large change in specific 

volume associated with the reversible reaction (𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖 ) during charge and 

discharge cycles. Third, the weight of the current collector, separator and the 

electrolyte needed to wet these battery parts will correspondingly increase. Finally, the 

cost of fabricating thin Li anodes by either approach will add substantially to the 

overall unit cost. Currently, most conventional cathode structures are based on 

2D/planar deposition on a thin metallic current collector, e.g. Al foil. Due to the 

limited electron transport length scale, the areal loading is rarely higher than 20 

mg/cm2 which corresponds to an areal capacity of 2~3 mAh/cm2. For a 3 mAh/cm2 

cathode, if the N:P ratio is set to 3:1, the resulting thickness of Li foil is 25 μm, whose 

commercial availability remains limited. Physical vapor deposition, rather than the 

conventional casting and rolling procedure, will be necessary to prepare Li foil with 

this thickness, which makes batteries of this type uncompetitive in terms of cost and 
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ability to be scaled up. For the aforementioned reasons, designing a novel electrode 

structure that can accommodate a high areal mass loading of active material and can 

thus offer a high areal capacity comparable with Li foil is a competitive viable route 

towards high energy density LMB. 

Maier and co-workers recently proposed a simplified, but elegant physical analysis of 

ion and electronic transport in a heterogeneous electrode (Fig. 9A) and on that basis 

introduce instructive size-based design rules for creating electrodes that enable high 

active materials utilization at reasonable rates (200). In such a design, the “wiring” 

required for good electron transport is realized by at least two types of contact 

junctions at different scales: (i) the contact between active particle and small 

conductive carbon species, e.g. Super P, Ketjen Black; and (ii) the contact between 

active particles/carbon composite and current collector. In an electrode based on 2D 

planar current collector, the areal mass loading is limited by the electron transport at 

the second length scale, i.e. the contact between the composite and the current 

collector (Fig. 9B). In practice, polymeric binder is added to maintain the physical 

integrity of the composite and its attachment to current collector. As this length scale 

increases, i.e. the composite becomes thicker, it can become physically detached from 

the current collector (201).  

2.2 Results and discussion 

The main concept that guides our study is that a porous, electronically conductive 

matrix, able to support high loading of active material particles and full infiltration of 

a liquid electrolyte provides a mechanism for constraining electron and ion transport 

length scales below the critical values (Fig. 9C) for any arbitrary thickness of the 
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electrode (202, 203). Previously, non-interwoven dispersed carbon fiber, as a long 

range electron conducting agent, has been shown to be effective in enhancing 

electrode rate performance (204). We evaluate the concept here using a commercial 

carbon cloth comprised of interwoven carbon fibers as the electron transport medium. 

Nonplanar carbon matrix is a group of promising current collectors for high areal 

capacity liquid-based conversion-type cathode, e.g. polysulfides (205), iodine (206). 

For these electrodes, the liquid-based chemistries play a crucial role in the functioning 

of the electrodes, in which active material can diffuse and homogenize within the 

electrode during cycling. While, for intercalation cathode materials that rely on solid 

reaction, the active material in powder form needs to be homogeneously dispersed into 

the pores of carbon cloth matrix before battery cycling, which poses difficulties for 

high areal capacity intercalation-type cathode. To address this issue, we utilize a 

powder-compaction technique (see Fig. 9D and Fig. 10) in which a composite of 

nano-sized, commercial battery-grade active materials particles, e.g. LCO, LFP, etc., 

with a carbon conductivity aid is loaded in the electrolyte-free dry state into the carbon 

framework. In this strategy, low contact stresses produced by periodically agitating the 

composite powder were found to be sufficient to break apart any particle aggregates 

(203) formed in the composite powder (SEM images available in Fig. 11) to enable 

high fill ratios.  Once exposed to a liquid electrolyte, capillary forces draw the 

electrolyte into the interparticle region to enable fast, complete, and nearly optimal 

(electrolyte to electrodes mass ratio = 0.6:1) wetting of the active material interfaces 

by a process analogous to wicking (207) (rheological properties available in Fig. 12). 

The electrodes are integrated into coin cells by applying a fixed pressure in the range 
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of 100~150 bar using a crimper. The mechanical robustness of carbon cloth (tensile 

strength 345 MPa) due to the interwoven nature maintains the physical integrity of the 

electrode under the pressure applied. The active material is retained within the matrix 

by friction force; the electrode architecture is binder-free. Fig. 9E reports the 

morphology of the fabricated  electrode and its corresponding elemental distribution 

information is probed by EDS mapping (Fig. 9F). A consequence of the large 

capillary and compression forces exerted on the composite material during electrolyte 

infusion and cell assembly, respectively, the LCO/KB composite is observed to fill the 

space between carbon fibers. 
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Figure 10. Fabrication of non-planar cathodes and coin cell assembling. 
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Figure 11. SEM morphology of ball milled (a)LCO; (b)LFP; and (c) NCM111. 
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Figure 12. Rheological properties of the slurry (90%LCO/10%KB in 1M LiPF6 

EC/DMC). 
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Figure 13. Electrochemical performance of nonplanar high areal capacity 

electrodes. (a) Charge/discharge profiles of LCO electrodes with different KB carbon 

contents; (b) discharge voltage profiles of non-planar LCO cathodes with 71, 142 and 

213 mg/cm2 loading; (c) discharge voltage profiles of 71 mg/cm2 LCO cathode at 

different current density. (d) discharge profiles of 71 mg/cm2 non-planar LCO, LFP 

and NCM111 cathodes. (e) cycling performance of a Li || LCO full cells with N:P ratio 

= 4:1. Current density = 0.8 mA/cm2 in (a), (b) and (d). 
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Results from galvanostatic charge-discharge experiments reported in Fig. 13 illustrate 

the electrochemical characteristics of the electrodes. Specifically, for a high loading of 

71 mg/cm2 LCO cathode with 10% KB manifests a discharge capacity of 138 mAh/g 

specific capacity, and a 10 mAh/cm2 areal capacity is achieved. Of note is that the N:P 

ratios in these batteries are only 4:1, although these experiments use a 750 μm thick Li 

foil, underscoring the potential benefits of the cathodes for evaluating features of the 

Li anode under realistic conditions for achieving high cell-level energy densities.  

When the KB carbon content is decreased from 10 wt% to 5 wt% to 0 wt%, the 

specific capacity, i.e. the utilization rate of LCO, correspondingly decreases from 138 

to 118 to 74 mAh/g, and the voltage hysteresis increases from 0.16 to 0.23 to 0.24 V 

(Fig. 13A). The results can be understood in a straightforward manner. As the carbon 

content is lowered, the electron conduction within the KB/LCO composite is 

weakened and LCO particles are insufficiently electronically wired to the system to 

utilize the full electrode capacity. It is noticeable, however, that the active material 

utilization rate of LCO is as high as 50% even without any KB black, which is 

attributed to the intrinsic high electronic conductivity of LCO particles (10−1~102 𝑆/

𝑐𝑚) (208). The results in Fig. 13B show that the strategy can be used to create 

cathodes with even higher areal mass loading, as high as 213 mg/cm2 for a capacity of 

28 mAh/cm2. These capacities are to our knowledge among the highest reported for a 

functional LCO cathode (202, 209-211). Due to the large pressure applied that 

removes residue porosity, the volumetric energy density is not significantly 

compensated by the usage of a nonplanar matrix in the high areal mass loading 

cathodes (See thicknesses and volumetric energy density in Table 1).  
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Table 1. Parameters of nonplanar LCO cathodes. 

1. Thickness of the cathode is measured under ~100 bar pressure by caliper. 

2. LCO content is calculated on the basis of LCO, KB carbon and carbon cloths. 

3. Volumetric energy density of cathode is calculated using measured cathode 

thickness. 

 

 

 

 

 

 

 

 

 

 

 

LCO 

Loading 

mg/cm2 

Areal 

capacity 

mAh/cm2 

pcs. 

of CC 

Thickness1(100 bar) 

mm 

LCO content2 

(wt%) 

 Vol. energy 

density3 

(100 bar) 

Wh/cm3 

 

71 10 2 0.16 69  2.3 

142 19 2 0.20 78  3.4 

213 28 3 0.30 78  3.1 
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Figure 14. Discharge voltage profiles of LCO charged to different voltages. 



 

77 

Figure 15. XANES data of 8 mg/cm2-loading (thin) and 90 mg/cm2-loading (thick) 

nonplanar LFP cathodes in fully charged state. 
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A well-known beneficial attribute of the LCO cathode is that the theoretical specific 

capacity can be improved by charging to a higher voltage. We find that by charging to 

4.5 V specific and areal capacities of 188 mAh/g and a 13.3 mAh/cm2, respectively, 

are achieved (Fig. 14). Fig. 13C reports the effect of current density on the voltage 

profiles for the 71 mg/cm2 LCO cathodes. When discharged at 8 mA/cm2, a specific 

capacity of 122 mAh/g and an areal capacity of 8.7 mAh/cm2 are observed, suggesting 

that the electronic wiring of LCO particles is effective. When the current density is 

further increased, ion transport within the solid particles can limit the rate performance 

(characteristic relaxation time 𝜏 ≈ 𝐿2

𝐷𝐿𝑖 𝑖𝑛 𝐿𝐶𝑂
⁄ =

(10×10−4𝑐𝑚)
2

10−9𝑐𝑚2𝑠−1 = 103𝑠) (200, 208). 

In addition to LCO particles, whose intrinsic electron conductivity is high, the 

electrode architecture is also compatible with LiNi1/3Co1/3Mn1/3O2 and, particularly, 

LiFePO4 that is reported to have a lower electronic conductivity (10−8 𝑆/𝑐𝑚) (208) 

(Fig. 13D). Therefore, as illustrated by the electrochemical performances, the 

electrode architecture reported here can serve as a generic platform to upscale cathode 

mass loading and does not generate heterogeneity due to the increase in mass loading, 

which is also confirmed by X-ray absorption near edge structure (XANES) study that 

reveals the oxidation state of the transition metal (See XANES data in Fig. 15). Future 

efforts towards higher power density cathodes can focus on the optimization of the 

nonplanar conductive matrix, e.g. its porosity, pore size, thickness, interwoven pattern, 

etc. 

The galvanostatic cycling performance of the Li || high loading LCO full cells are 

reported in Fig. 13E. The conditions used for the test provide an extreme test for the 
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Li anode, i.e. at a low N:P capacity ratio = 4:1, a high current density jLi=3 mA/cm2 

and a high lithium throughput = ~30 mAh/cm2 per (dis)/charge. To specifically 

evaluate these effects Fig. 13E compares the cyclability of the bare Li-LCO full cell 

using a commercial 1M LiPF6 in EC/DMC as electrolyte with cycling studies in 

electrolytes containing additives such as FEC that are known to reduce at the Li anode 

to generate LiF (212-215). After 20 deep cycles, which corresponds to approximately 

450 hours of continuous cycling and an accumulated Li throughput of ~1350 

mAh/cm2 , the capacity retention is 84% in the control electrolyte. After 35 deep 

cycles, the capacity retention is 69%. To understand the origin of the capacity loss, the 

cycled battery was opened and the Li foil replaced by a fresh anode. Results also 

reported in Fig. 13E show that this change resulted in restoration of the initial 

discharge capacity, indicating that the fading is associated with the Li anode. In 

addition, we pair a low-loading non-planar LCO cathode, which is fabricated via the 

same procedure, with Li foil, and the capacity retention is 93% after 35 cycles. These 

results confirm that the extreme cycling condition for Li metal leads to the capacity 

fading. In electrolytes containing 10%FEC/2%VC as additives, 91% of the original 

capacity is retained after 35 deep cycles, corresponding to 840 hours of cycling at 3 

mA/cm2. Consistent with previous reports, post-mortem morphology characterization 

by SEM (Fig. 16) shows that the FEC/VC additive facilitates more compact, less 

dendritic deposition of Li. This finding underscores the importance of the new cathode 

architectures as a tool for evaluating electrolyte and separator chemistries for 

stabilizing Li anodes under practical conditions where the Li throughput per cycle is 

high. 
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Figure 16. SEM images of cycled Li metal in (a) Gen-2 and in (b) 

10%FEC/2%VC/Gen-2. 
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2.3 Conclusions 

In summary, by designing the electron wiring length scales in electrode, we 

successfully demonstrate a non-planar electrode architecture that enables battery 

cathodes with areal capacity as high as 28 mAh/cm2. We show that the cells can be 

cycled stably against a Li anode over a range of current densities and that because of 

the high Li throughput (10~30 mAh/cm2) per (dis)/charge, the cells provide an 

important tool for evaluating long-term stability of Li metal anodes. Future work 

should focus on stabilizing the Li metal anode under high Li throughput and high 

current density condition.   
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Chapter 3. Physical Orphaning versus Chemical Instability: Is 

Dendritic Electrodeposition of Li Fatal? 

 

Abstract: The dendritic electrodeposition of lithium, leading to physical orphaning 

and chemical instability, is considered responsible for the poor reversibility and 

premature failure of electrochemical cells that utilize Li metal anodes. Herein we 

critically assess the roles of physical orphaning and chemical instability of 

electrodeposited Li on electrode reversibility using planar and non-planar electrode 

architectures. The non-planar electrodes allow the morphology of electrodeposited Li 

to be interrogated in detail and in the absence of complications associated with cell 

stacking pressure. We find that physical orphaning is a key determinant of the poor 

reversibility of Li. We report further that fiber-like, dendritic electrodeposition is an 

intrinsic characteristic of Li —irrespective of the electrolyte solvent chemistry. With 

guaranteed electronic access to prevent physical loss, we finally show that a Li metal 

electrode exhibits high levels of reversibility (99.4% CE), even when the metal 

electrodeposits are in obvious, dendritic morphologies. We take advantage of these 

findings to create high-loading (7 mAh/cm2) Li||LFP full cells with nearly unity N:P 

ratio and demonstrate that these cells exhibit good reversibility.  

 

 

[Adapted from ACS Energy Lett. 2019, 4, 1349−1355] 
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3.1 Introduction 

The development of electrochemical cells based on lithium redox chemistry has 

witnessed a back-tracing route over the past 40 years. Although the current landscape 

of commercial batteries is dominated by cell chemistries in which Li is maintained in 

ionic form at all stages of battery cycling, these Li-ion batteries (LIBs) cannot meet 

emerging demands for energy-dense, cost-effective, and stable long-term electrical 

energy storage. This has led to a recent renewal of efforts to develop electrochemical 

cells in which Li is stored in reduced form in the battery anode (198) The advantages 

of a Lithium metal anode is on the one hand obvious — the specific capacity of Li 

metal (3860 mAh/g; 2061 mAh/cm3) is high and the redox potential of Li+/Li is fully 

200-300 mV lower than LiC6 used in LIBs (198, 216). On the other hand, Li is a 

highly reactive metal and can potentially fail as a result of uncontrolled chemical, 

morphological, and hydrodynamic processes during battery recharge (87).  

The revival of interest in Li metal has produced a growing body of work in which 

strategies of increasing sophistication and effectiveness are employed to redesign the 

cell components, including the electrolyte, to mitigate the underlying instabilities. To 

achieve high Li plating/stripping Coulombic efficiency (CE), innovations on the solid-

electrolyte interphase (SEI) (217-219), electrolyte (214, 220-222), electrode 

architecture (223-226) and other cell components (227, 228) have been demonstrated. 

In contrast to the oftentimes highlighted overall high CE achieved in these studies, 

which in most literatures is contended to be positively correlated with “nondendritic” 

electrodeposition of Li, little research has been performed to understand the respective 

roles of the chemical and physical orphaning components of the total lithium loss that 
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are the principal determinants of the overall CE. Consequently, the fundamental 

correlation between dendritic deposition and Coulombic inefficiency (CI = 1 - CE) of 

Li anodes remain poorly understood. Notwithstanding the significant volume of recent 

work and with few exceptions (217, 229), the consensus in the field today is that to 

compensate for the too rapid loss of electrochemically active Li and consequent high 

Li plating/stripping CI, a large excess of Li is necessary to sustain LMB cycle life. 

This makes the true energy density achievable with emerging LMB technology less 

competitive, in comparison to what is already available commercially in LIBs (216, 

230).   

While the event that initiates the cascade of instabilities that produce unacceptably 

high CI in LMBs is still under active study (231-233), suppression of mossy/dendritic 

deposition during recharge is considered a requirement for progress towards practical 

LMBs. The present study critically assesses this requirement using planar and non-

planar electrodes that allow the morphology of Li to be interrogated in detail. 

Significantly, we find that with guaranteed electronic access that prevents physical 

loss of active Li (orphaning, Fig. 17; also called “dead” Li issue (234-236)), a Li metal 

electrode can manifest high levels of reversibility, even when the metal electrodeposits 

exhibit obvious, dendritic morphologies. We show further that electrodes that reduce 

orphaning are as effective as electrolyte design for achieving high levels of 

reversibility. As a first step towards practical LMBs, we show that high-capacity (7~8 

mAh/cm2) Li||LiFePO4 (LFP) cells with low anode to cathode capacity ratios (N/P = 

1:1) can be reversibly cycled in aprotic carbonate liquid electrolytes. 
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Figure 17. Schematic illustration of Li loss caused by dendritic electrodeposition. 
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3.2 Results and discussion 

The main results of the study are summarized in Fig. 18 where we report the CE and 

voltage profiles for Li plating and stripping in various electrolytes. A non-planar 

carbon-cloth electrode is used for the experiments to facilitate complementary 

interrogation of the electrodeposit morphology. Fig. 18A and 18B report results for a 

standard 1M LiPF6 ethylene carbonate/dimethyl carbonate (EC/DMC) electrolyte. The 

high CE values (94.6% nominal CE and 93.5% real CE after subtracting the 

intercalation capacity (1.2 mAh/cm2, Fig. 19)) and low overpotentials are substantially 

higher than typical (CE ~ 80% at 0.4~1 mAh/cm2) for this electrolyte chemistry. (87, 

237) The low CE for EC/DMC is thought to reflect intrinsic parasitic chemical 

degradation of the electrolyte and fragility of the interphases formed. As we have 

made no effort to address either failure mechanism, the high CE values reported in 

Fig. 18 clearly contests this explanation. 
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Figure 18. Li plating/stripping using a non-planar electrode. Li plating/stripping 

Coulombic efficiency and corresponding voltage profile in (a)(b)1M LiPF6 in 

EC/DMC, (c)(d) 1M LiPF6 in 10w%FEC-EC/DMC and (e)(f) 1M LiTFSI + 0.5% 

LiNO3 in DOL/DME.  
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Figure 19. Measurement of intercalation capacity of carbon cloth. Carbon cloth 

exhibits an intercalation capacity ~1.2 mAh/cm2 above 0 V v.s. Li+/Li. 



 

89 

Figure 20. Li deposition morphology in a non-planar electrode. SEM images of Li 

deposits in (a)(b)1M LiPF6 in EC/DMC, (c)(d) 1M LiPF6 in 10w%FEC-EC/DMC and 

(e)(f) 1M LiTFSI + 0.5% LiNO3 in DOL/DME. Scale bars: left (a,c,e) 40 μm; right 

(b,d,f) 10 μm. 

 

 

 

 

 



 

90 

Fig. 20A and 20B, report the corresponding morphology of Li deposits, which can be 

compared with those in Fig. 21 for Li on a planar Cu foil, with a Celgard 3501 

separator. Both sets of results show that the deposits are composed of loosely 

coordinated fibrillar, thread-like structures of the order of 1 µm in diameter. We note, 

however, that for the same Li electrodeposit capacity (8 mAh/cm2), the total exposed 

surface area of Li is significantly higher in the non-planar electrode than for the planar 

case. Again, this is opposite to what we observe, which appears to conclusively rule-

out the chemical instability hypothesis for the low CE reported in the 1M LiPF6 

EC/DMC electrolyte.  

Fig. 18C and 18D report CE values and voltage profiles for Li stripping/plating 

experiments conducted in a 1M LiPF6 EC/DMC containing 10%FEC. This electrolyte 

composition is now widely recognized for its ability to enhance Li reversibility (212). 

The FEC additive has been reported to breakdown at the Li anode to form a LiF-rich 

layer, which is thermodynamically stable in contact with Li and hypothesized to 

protect the electrolyte from continuous parasitic reactions, without compromising 

interfacial ion transport (212, 237). The CE values are initially comparable to those 

measured in the EC/DMC system, but gradually (see inset to Fig. 18C) rise to higher 

values (nominal CE: 99.4% and real CE: 99.3%). Additionally, even at high Li 

stripping/plating capacities of 8 mAh/cm2, the high CE values are preserved in 

extended cycling. The corresponding electrodeposit morphologies are reported in Fig. 

20C and 20D; and Fig. 21 for a planar Cu electrode. The results in Fig. 20A and 20C 

reveal that the FEC additive has little, if any, effect on the morphology of Li deposits 

and there is no noticeable change in fiber diameter (Fig. 22). Analysis of the 
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corresponding Li morphologies for the planar electrodes (Fig. 21) lead to a similar. As 

a final example, we investigated Li deposition in an ether-based, 1M LiTFSI 

DOL/DME, electrolyte containing 0.5 wt% LiNO3. Compared with carbonates, ether-

based electrolytes can undergo ring-opening anionic or cationic polymerization at a Li 

anode to form a protective polymeric coating. The results in Fig. 18E and 18F show 

that the initial CE is comparable to the 1M LiPF6 EC/DMC, but steadily rises to high 

values (nominal CE: 99.4% and real CE: 99.3%). Again, the electrodeposit 

morphologies (Fig. 20E and 20F) show hardly perceptible differences from those 

reported in the other two electrolytes. And, remarkably, the morphology of the 

electrodeposits on the planar electrode (Fig. 21) are more obviously fibrous and 

dendritic.  

On the basis of these observations, we conclude that it is possible to sustain stable, 

high-CE cycling of Li even when the deposition is fiber-like or dendritic. We 

hypothesize further that factors other than the electrolyte chemistry or electrodeposit 

morphology are dominantly responsible for the high CE measured for non-planar 

electrodes.  
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Figure 21. SEM of Lithium deposition morphology on planar current collector. 

SEM images of Li deposits on planar Cu foil in (a)(b)1M LiPF6 in EC/DMC, (c)(d) 

1M LiPF6 in 10%FEC-EC/DMC and (e)(f) 1M LiTFSI + 0.5% LiNO3 in DOL/DME. 

Scale bars: left ones 40 μm; right ones 10 μm. 
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Figure 22. Statistical analysis of fiber diameters of Li electrodeposits. (a) 1M 

LiPF6 in EC/DMC, (b) 1M LiPF6 in 10%FEC-EC/DMC and (c) 1M LiTFSI + 0.5% 

LiNO3 in DOL/DME. The statistical results show that the size distribution is broad 

but shows a maximum popularity within the 0.5~1.5 μm range. 
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Figure 23. Schematic illustration of guaranteed electronic pathways via 

nonplanar current collector. 
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Figure 24. Li plating/stripping at planar and non-planar electrodes. XPS spectra 

of the surface layer formed on Li deposits harvested from: a) planar and (b) non-planar 

electrodes in 1M LiPF6 EC/DMC electrolyte containing 10w% FEC. (c) Li 

plating/stripping Coulombic efficiencies on planar current collector at different areal 

Li throughputs in 1M LiPF6 EC/DMC. (d) Li plating/stripping Coulombic efficiency 

and (e) corresponding voltage profile of planar current collector (Li throughput = 8 

mAh/cm2).  
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Lithium orphaning occurs when the metal becomes electronically disconnected from 

the current collector; while the ionic connection is maintained by contact with 

electrolyte. It has been extensively discussed in the literature as a failure mode for the 

Li anode but the role it plays in the poor reversibility of Li still lacks critical 

evaluation. Fig. 23 illustrates how a non-planar electrode might prevent orphaning. 

Our results are consistent with this mechanism and imply that Li orphaning is both a 

substantial source of Li irreversibility and can be significantly suppressed, if not 

eliminated, when electronic access is sustained in a non-planar electrode that allows 

free expansion of the metal. In order to make these observations more concrete, we 

next attempt to isolate the effects of physical loss of Li by measuring the Li 

plating/stripping CE on Cu for different Li throughputs. To minimize the effect of 

chemical instability, we choose the 1M LiPF6 EC/DMC-10%FEC electrolyte. Fig. 

24A and 24B compare the interphases formed on Li in the planar Cu and non-planar 

electrode. It is seen that fluorinated species, including LiF, dominate the interphasial 

chemistry. The higher LiF fraction observed for the non-planar electrode is also 

consistent with the SEM observations in Fig. 20 and Fig. 21, which show that the 

surface area of Li exposed to the electrolyte is higher for the non-planar case. Fig. 24C 

reports the CE at different areal Li throughputs. Notably, the CE increases from 81.9% 

at 0.4 mAh/cm2 to 96.2% at 4.8 mAh/cm2 and 95.1% at 8.0 mAh/cm2 (current density 

= 0.8 mA/cm2), showing a strong initial dependence on throughput followed by a 

plateauing behavior. The initial rise in CE has to our knowledge not been reported but 

can be understood in a straightforward manner: chemical instability of Li is positively 

correlated to the exposed surface area. If Li forms a self-limiting, electrochemically 
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inert SEI, the exposed surface area should be ideally invariant with increased Li 

throughput (231). In other words, if a fixed amount of Li is consumed to form the SEI, 

the fraction of irreversible Li capacity associated with SEI formation should decrease 

approximately linearly with the Li throughput. This behavior is consistent with the 

initial rise observed but is not consistent with the plateau at higher Li throughputs.  

The plateau implies that there is an interplay of multiple factors— e.g. the reduced 

chemical instability is offset by increasingly prominent Li orphaning at the higher Li 

throughputs. This explanation is supported by results reported in Fig. 24D and 24E 

where it is observed that after 10 high-CE plating/stripping cycles at 8 mAh/cm2, the 

CE measured in Li||Cu cells becomes increasingly erratic (see magnitude of the error 

bars in the inset of Fig. 24D), and on average lower as cycling progresses. These 

behaviors are accompanied by strong and obvious fluctuations in the discharge voltage 

(Fig. 24E), particularly in the Li stripping segment of the cycle. They are quite 

different from what is observed at a lower Li throughput of 0.8 mAh/cm2 (see Fig. 25) 

where neither the erratic CE nor the voltage fluctuations are observed in extended Li 

plate/strip cycling in the same electrolyte. They are also completely absent in cells that 

utilize a non-planar electrode (Fig. 18A-F), even at comparably high nominal Li 

throughputs (8 mAh/cm2).  
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Figure 25. Li plating/stripping Coulombic efficiency and corresponding voltage 

profile of planar current collector. (Li throughput = 0.8 mAh/cm2) 
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Figure 26. Schematic illustration of random reconnection of orphaned Li. 
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Figure 27. X-ray diffraction analysis of Li electrodeposits. XRD patterns of Li 

electrodeposits harvested after 30 cycles delithiated to 2 V from (f) planar and (g) non-

planar electrodes. 
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We ascribe the erratic CE and voltage fluctuations to the possibility that orphaned Li 

in one plating/stripping cycle can be reconnected when Li is deposited appropriately in 

the following cycles. This random breakage and rebuilding of electronic access to Li 

(see scheme in Fig. 26) would lead to the observed scattering of the CE. Similarly, in 

the stripping cycle, orphaned Li can be reconnected due to morphological change, 

causing the potential spikes— the potential drops back to near 0 V v.s. Li+/Li when a 

piece of orphaned lithium is reconnected. Results reported in Fig. 27A confirm that 

orphaned Li is indeed responsible for the observed behaviors. Specifically, the figure 

reports x-ray diffraction (XRD) data for Li plated and stripped from Cu foil after 30 Li 

plating/stripping cycles (delithiated to 2V v.s. Li+/Li). It is apparent from the figure 

that a strong Li 110 peak at 35.9° 2θ is observed on Cu even after the delithiation step, 

indicating that a large amount of electrochemically inactive Li remains stranded at the 

electrode. It is significant that none of these behaviors are present in any of the 

electrolytes studied when a non-planar electrode is used. Fig. 27B for instance shows 

that delithiation of Li leads to a nearly complete disappearance of the Li 110 XRD 

peak. The non-planar electrode appears to prevent orphaning by maintaining 

continuous electrochemical access to the Li electrodeposit. 
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Figure 28. Li plating/stripping in pressure-free O-Ring separated coin cell. (a) 

schematic illustration of the O-Ring separated coin cell. (b) Li plating/stripping 

Coulombic efficiency and (c) corresponding voltage profile measured in the cell. (d) 

Photo showing orphaned Li detached from the planar Cu substrate filling the internal 

space of the O-Ring separator.  
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Figure 29. SEM images of the orphaned Li in O-Ring separated coin cell. Scale 

bars: left one 40 μm; right one 10 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

Furthermore, we removed the separator from the planar Li||Cu cells and evaluated the 

CE and morphology of Li electrodeposits. We designed an O-Ring separated coin cell 

(Fig. 28A) in which the backpressure produced by a conventional separator is 

removed. To avoid interference from dendrite-induced short circuits, a Celgard 

separator was placed between the O-Ring and the Li foil. Fig. 28B shows that the CE 

and reversibility are generally low (~80% for the initial 5 cycles, and < 50% 

thereafter). Fig. 28C reveals noticeable voltage spikes and fluctuations from the very 

first cycle. We opened the coin cells after 15 cycles (delithiated to 2 V v.s. Li+/Li), and 

even from visual inspection it can be seen that the originally empty space in the O-

Ring is filled with orphaned Li (Fig. 28D). SEM characterization (Fig. 29) shows that 

Li that remains in contact with Cu is essentially identical to that achieved in Li||Cu 

cells that use a separator or those that use a non-planar electrode. These findings 

indicate that physical loss of Li due to orphaning plays a rather large role in the poor 

reversibility of the Li metal anode. Our findings call attention to the need for more 

advanced non-planar anode architectures (168, 238) with nanoscale structure that are, 

for example, better matched to the length scales of Li electrodeposit fiber dimensions 

than the simple carbon-cloth material used in the present study. We expect such 

electrode designs will ensure more complete electronic access to orphaned Li and 

appear essential for progress towards highly reversible Li anodes.  
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Figure 30. Performance of non-planar Li||LFP full cells. (a) Cycling performance 

(blue: 8 mAh/cm2, red: 7 mAh/cm2; N:P ≈ 1:1) in a 1M LiPF6 EC/DMC electrolyte 

containing 10w% FEC (i.e. Gen-2 electrolyte). (b) Voltage profile of the 8 mAh/cm2 

full cell. 
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Figure 31. (a) SEM and (b) EDS mapping of nonplanar LFP electrode. 
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As a final step, to further confirm the concept herein reported and to demonstrate its 

significance in battery applications, we assembled Li metal full cells will practical 

high areal capacity, i.e. 7~8 mAh/cm2. Fig. 30 reports the cycling performance of high 

areal capacity Li||LiFePO4 full cells (N:P=1:1), in which 7 mAh/cm2 Li deposited on 

carbon cloth serves as the anode. The high-loading cathode used in the study was 

fabricated using a non-planar architecture reported very recently (230) (See Fig. 31 for 

details). As we discussed in a recent publication (230), a practical N:P ratio for Li 

metal battery should be no larger than 5:1 to achieve an energy density that 

outperforms that of a battery using graphite anode; while the cyclability of a planar Li 

metal anode under such conditions is unsatisfactory. 

By contrast, as shown in Fig. 30A, when a nonplanar anode current collector is used, 

even with a stringent N:P=1:1 ratio (i.e 100% excess Li) and high areal Li 

throughputs, the Li||LiFePO4 full cells claim 82.2% capacity retention after 100 cycles 

(7 mAh/cm2 cell) and 84.6% capacity retention after 95 cycles (8 mAh/cm2 cell, 

voltage profile in Fig. 30B). The capacity fading within the first ~50 cycles may be 

attributed to the gradual formation of interphasial species, e.g. SEI and cathode 

electrolyte interphase (CEI). If we ignore the initial rise in CE apparent in Fig. 18C 

and 18E, the results are consistent with a cell-level average CEavg = exp (
ln[

0.825

2
]

70
) ∗

100% = 98.7% , which is close to the measured values. This means that nearly full 

capacity of both electrodes is achieved in our cycling study. Interestingly, after a 

gradual decrease, the capacity retention increases slightly at ~50 cycles and stabilizes. 

This phenomenon is tentatively attributed to the evolution of SEI into a more 
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favorable one that facilitates fast kinetics, as indicated by the reduced overpotential 

shown in Fig. 18D inset and Fig. 30B. Our findings therefore show that a non-planar 

anode significantly enhances the long-term reversibility of Li metal, and open up the 

avenue towards practical high energy density Li metal cells with stringent N:P ratio.  

3.3 Conclusion 

In conclusion, by interrogating the electrochemical properties and morphology of Li 

electrodeposits formed in a non-planar, carbon-cloth electrode in various liquid 

electrolytes, we find that relative to the more commonly studied chemical and 

morphological instabilities, physical orphaning of Li is the key cause of poor 

reversibility of Li metal anodes. With successful prevention of physical orphaning by 

building robust non-planar electronic pathways in the anode, we show further that Li 

anodes with high levels of reversibility can be created even when the metal 

electrodeposits in obviously dendritic morphologies. We also demonstrated Li metal 

full cells with stringent N:P=1:1 ratio that claim above 80% capacity retention over 

100 cycles, which paves the way for practical Li metal batteries. 
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Chapter 4. Reversible Epitaxial Electrodeposition of Metals in 

Battery Anodes 

 

Abstract: The propensity of metals to form irregular and nonplanar electrodeposits at 

liquid-solid interfaces has emerged as a fundamental barrier to high-energy, 

rechargeable batteries that use metal anodes. We report an epitaxial mechanism to 

regulate nucleation, growth, and reversibility of metal anodes. The crystallographic, 

surface texturing, and electrochemical criteria for reversible epitaxial electrodeposition 

of metals are defined and their effectiveness demonstrated by using zinc (Zn), a safe, 

low-cost, and energy-dense battery anode material. Graphene, with a low lattice 

mismatch for Zn, is shown to be effective in driving deposition of Zn with a locked 

crystallographic orientation relation. The resultant epitaxial Zn anodes achieve 

exceptional reversibility over thousands of cycles at moderate and high rates. 

Reversible electrochemical epitaxy of metals provides a general pathway toward 

energy-dense batteries with high reversibility. 

 

 

[Adapted from Science 2019, 366 (6465), 645-648.] 
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4.1 Introduction 

Electrodeposition is a two-century old electrochemical method for creating thin, 

conformal coatings of metals on electrically conducting substrates. The method has in 

recent years reemerged as an area of scientific and technological interest due to the 

role electrodeposition plays in the reversibility of energy storage in 

secondary/rechargeable batteries that utilize active metals, including Li, Na, K, Mg, 

Ca, Zn, and Al, as anodes (21, 198, 239, 240). The propensity of metals to form rough, 

non-uniform electrodeposits is a barrier to practical batteries because it leads to active 

material loss via multiple mechanisms (54, 87, 103, 200, 241-243). It is also 

dangerous because short circuits created when the nonuniform/dendritic metal 

electrodeposits proliferate in the inter-electrode space to bridge the electrodes (left 

model in Fig. 32A) can lead to fire or explosion.  
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Figure 32. Electrochemical growth pattern of Zn. (A) Scheme illustrating the 

design principle of epitaxial metal electrodeposition. (B and C) Scanning electron 

microscopy (SEM) images and (D) HAADF-STEM image of Zn electrodeposits on 

bare stainless steel from aqueous electrolyte current density J = 4 mA/cm2. 
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In an epitaxial electrodeposition process, a thin-film electrodeposit forms a (semi-

)/coherent lattice interface with the substrate. The single crystalline new phase 

(epilayer) exhibits a correlated orientation in relation to the substrate and low residual 

stresses. The strongest orientation correlations are achieved through directed 

nucleation and growth of the epilayer on a substrate that imposes minimal lattice 

strain. The process can be used to deposit metals, e.g. Cu (244, 245) and Pt (246), on 

substrates of different chemistries. Textured interphases which add negligibly to the 

mass of a battery electrode and which form low-lattice-misfit interfaces are of specific 

interest in the present study. Furthermore, because the epilayer and substrate can be 

composed of the same (homo-) or different (hetero-) materials, either homoepitaxy or 

heteroepitaxy could be used in the process. 

During charging, an electrochemically inactive interphase with selected crystal 

symmetry and lattice parameters would facilitate heteroepitaxial nucleation and 

growth of a metal anode in a strain-free state. Once the nucleates cover the substrate, 

the as-deposited metal layer would then facilitate homoepitaxial deposition (Fig. 32A) 

to create uniform metal coatings. Upon discharging, the metal is stripped away while 

the substrate remains intact and therefore available for a subsequent cycle of charge 

and discharge. Thus, the critical steps in implementing the concept are — (a) 

identifying electronically conductive substrate materials that have crystallographic 

facets with low lattice misfit with the metal anode of interest; and (b) fabrication of a 

macroscopic, textured substrate that preferentially exposes these facets. 

We studied the morphology and reversibility of a zinc metal anode in a 2M-ZnSO4 

aqueous electrolyte. This system is of interest because rechargeable batteries based on 
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Zn anodes have remerged as an area of scientific and technological interest (89, 247, 

248).  The most important considerations in choosing Zn include — its low reactivity 

and relatively low cost; the divalent Zn can be electrochemically coupled with low-

cost cathode chemistries (e.g. MnO2 (19, 249)) in non-flammable aqueous electrolytes; 

and Zn anodes do not suffer from continuous parasitic reaction with electrolyte. The 

last of these attributes is the most important for the present study, because it allows us 

to focus on the atomic scale processes that control the onset of morphological 

instability in the metal anode. Furthermore, Zn has a much higher Young’s modulus 

than alkali metals of contemporary interest as battery anodes (EZn ≈ 108 GPa; ELi ≈ 5 

GPa; ENa ≈ 10 GPa); once formed, Zn dendrites can more easily proliferate to cause 

battery failure by metal orphaning (26) or short-circuiting (26) mechanisms. 

4.2 Results and discussion 

Fig. 32B~D report the intrinsic growth mode of electrodeposited Zn. Zn exhibits a 

strong tendency to deposit as platelets, implying that a lower thermodynamic free 

energy is associated with the exposed closest packed plane, i.e. (0002) in HCP (250). 

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) (Fig. 32D, EDS mapping in Fig. 33), confirms the plate-like morphology. The 

electron diffraction pattern (Fig. 34) shows that the plane normal of the Zn plate is 

[0001]Zn. Therefore, a candidate substrate for epitaxial electrodeposition of Zn should 

show similar atomic arrangement to the (0002)Zn plane (Fig. 35). 
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Figure 33. Energy dispersive spectroscopy of the Zn deposit under STEM. 
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Figure 34. (A)TEM diffraction pattern and (B) simulated diffraction pattern of 

[0001]Zn. 
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Figure 35. Atomic arrangements of (0002)Zn and (0002)Graphene. The lattice misfit 

between graphene and Zn is δ≈7%, indicating that the interface formed between 

graphene and Zn is semicoherent, and is hence energy favorable. 
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A preliminary screening based on crystal structure was performed. Criteria included: 

(a) Does the crystal plane exhibits a small lattice misfit with (0002)Zn. Numerically, 

the lattice misfit should be no larger than 25% as an empirical value to form a 

(semi)coherent interface (251); and (b) Does the crystal plane of interest have a low 

lattice index. A low lattice index is preferred because it indicates higher atomic 

packing density and therefore higher surface stability (252). Finally, the substrate 

should remain intact and therefore electrochemically inactive during cycling. Within 

this screening framework, graphene stands out as a candidate material that meets all 

the specified criteria (Fig. 35). 
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Figure 36. Preparation of the epitaxial substrate in which graphene sheets are 

parallel to the substrate. (A) Strain sweep of the 4% graphene in NMP slurry. (B 

and C) SEM images of graphene membranes prepared (B) with and (C) without the 

shearing. 
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Figure 37. Shear-thinning behavior of graphene suspension in N-Methyl-2-

pyrrolidone. 
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Figure 38. Relaxation behavior of graphene suspension after shearing in N-

Methyl-2-pyrrolidone. 
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Creating a macroscopic material in which the basal plane of graphene is parallel to an 

electrode surface is not straightforward. We designed a fluid-based route for creating 

aligned graphene coatings. The method takes advantage of the ease with which high-

aspect-ratio graphene flakes in a slurry are aligned by shear flow (253). Fig. 36A 

reports the rheological properties of the graphene suspensions. The initially elastic 

slurry (G’ > 10*G”) yields at a low shear strain ( ≈ 0.05) and transitions to a liquid-

like regime in which G” > G’. Correlations between graphene sheets are therefore 

broken in a modest shear flow. Fig. 37 shows that in continuous shear, the suspensions 

are shear-thinning at modest rates γ̇ (~10-2 s-1) and relaxation following cessation of 

shear is a two-step process (Fig. 38), with the slower step lasting several hundreds of 

seconds. Subjecting a graphene suspension to a moderate shear rate for even a short 

period of time could therefore produce relatively long-lived orientation parallel to the 

shear plane.  
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Figure 39. SEM images of graphene coated stainless steel via the shearing 

method. 
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Figure 40. AFM height line scan of nonaligned (red) and aligned (yellow) 

graphene substrate. 
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Figure 41. AFM height mapping of graphene substrate (A) with and (B) without 

shearing, and (C) bare stainless steel substrate. A doctor-blade type apparatus was 

designed to implement this process using suspensions composed of graphene flakes in 

N-Methyl-2-pyrrolidone (NMP). To lock-in the alignment, the sheared coatings were 

immediately transferred to a vacuum chamber where the NMP solvent was removed. 

The effectiveness of the method can be seen by comparing morphologies of the 

graphene coating prepared with (Fig. 36B) and without (Fig. 36C) shearing (see also 

Fig. 39~41). The approach provides a simple, scalable route towards planar 

interphases composed of well aligned graphene sheets with their [0001]graphene 

perpendicular to the substrate.  
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Figure 42. SEM of Zn deposits on graphene-coated stainless steel. SEM deposition 

times, (A and B) 40 s, (C and D) 2 min, and (E and F) 12 min. Current density, J = 4 

mA/cm2. 
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Figure 43. low-magnification SEM images of Zn deposits on graphene substrate. 

(J = 4 mA/cm2, 2 mins) 
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Figure 44. SEM image of layered, homoepitaxially-templated Zn deposits on 

graphene. (J = 4 mA/cm2, 12 mins)  
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Figure 45. SEM images of Zn deposits on graphene at high current density. (J = 

40 mA/cm2, 12 s) 
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Figure 46. AFM characterization of Zn deposits. (A) Height and (B) phase imaging 

of Zn on bare stainless steel. (C) Height and (D) phase imaging of Zn on graphene-

coated stainless steel. Deposition time: 40 s. Current density J = 4 mA/cm2. 
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Figure 47. GIXRD characterization of patterns of zinc electrodeposited on (A) 

bare stainless steel and (B) graphene coated stainless steel. 
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Figure 48. Two-dimensional grazing incident X-ray diffraction patterns of Zn 

electrodeposits. 
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Figure 49. SEM images of Zn deposits on KetjenBlack coated stainless steel. (J=4 

mA/cm2, 40s) 
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Figure 50. Cyclic voltammetry of Zn plating stripping on (A) aligned graphene 

with shearing, (B) unaligned graphene without shearing and (C) bare stainless 

steel (scan rate 2 mV/s). 
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In contrast to the deposition morphology on stainless steel shown in Fig. 32B~C 

where Zn platelets are randomly oriented, Zn deposits formed on graphene are well 

directed, showing a locked orientation relation with the graphene substrate (Fig. 42 

and Fig. 43). Further analysis reveals that there are two stages in the epitaxial 

electrodeposition—Stage I: heteroepitaxy between Zn and graphene (Fig. 42A~D) and 

Stage II: homoepitaxy of Zn after the graphene surface has been fully occupied (Fig. 

42E~F). Fig. 42F (also Fig. 44) shows that small newly-deposited Zn layers are 

attached to the surface of the Zn formed in stage I. The Zn deposition rate on graphene 

appears lower than that on a bare stainless-steel substrate because the epitaxial 

regulation produces thin plates that are parallel to the substrate, and as a result the 

deposit are more uniform and compact, as schematically illustrated in Fig. 32A. This 

highly ordered growth is sustained at the high current density of 40 mA/cm2 (see Fig. 

45). Atomic force microscopy (Fig. 46) and X-ray diffraction (Fig. 47~48) results 

confirm the epitaxial regulation of Zn deposition. As a comparison, no epitaxial 

growth is observed on Ketjen black (an isotropic carbon) coated stainless steel (Fig. 

49). The plating and stripping of Zn was studied by cyclic voltammetry (CV) (Fig. 

50), the results show no obvious impact of the deposition process on the 

electrochemical reaction mechanism. 
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Figure 51. (A) Coulombic efficiency of Zn plating stripping on bare stainless steel 

and (B) corresponding voltage profile. J=1.6 mA/cm2, capacity= 0.8 mAh/cm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

136 

 

Figure 52. (A) Optical microscopy and (B) scanning transmission electron 

microscopy images of dead Zn in glass fiber separator when a bare stainless steel 

substrate is used. J=1.6 mA/cm2, capacity= 0.8 mAh/cm2, after 5 plating stripping 

cycles. 
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Figure 53. Optical microscopy images of stainless steel substrate under (A)(B) 

pristine and (C)(D) after 5 plating/stripping cycle conditions, and of graphene 

substrate under (E)(F) pristine and (G)(H) after 5 plating/stripping cycle 

conditions. J=4 mA/cm2, capacity= 0.8 mAh/cm2. 
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Figure 54. Electrochemical performance of epitaxial Zn metal anodes. (A) CE at 

moderate current density on graphene coated stainless steel (GSS) substrate. (B) CE at 

high current densities on GSS. (C) CE under high current and high areal capacity 

condition on GSS. (D) The corresponding voltage profile. (E) Cycling performance of 

Zn||α-MnO2 full cells with and without graphene, with controlled N:P electrode 

capacity ratios. 
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When used as a battery anode, a successful metal electrode must be reversibly plated 

and stripped over hundreds/thousands of charge-discharge cycles. The Coulombic 

efficiency (CE) is a measure of this reversibility. We quantified the CE for epitaxial 

and non-epitaxially deposited Zn using a procedure in which a certain amount of metal 

is plated on the substrate and then stripped away, and measure the ratio of charge 

passed in each segment of the cycle. The reversible Zn plating and stripping on an 

electrochemically inert substrate, e.g. stainless steel, shows CE values around 80% 

(see Fig. 51). These cells fail after only 20 plate-strip cycles by shorting. The observed 

voltage fluctuations are consistent with failure either as a result of localized short 

circuiting or by reconnection of fragmentary Zn deposits that broke away from the 

electrode (“orphaned” Zn) (Fig. 52~53) (21). In contrast, epitaxial deposition of Zn 

yields quite noticeable improvements in reversibility (CE > 99% over 1000 cycles, 

Fig. 54A). 
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Table 2. Summary of electrochemical performance of metallic Zn anode reported 

in literature. 

 

Ref # Current Density 

(mA/cm2) 

Cycle number Coulombic 

Efficiency of Zn 

Plating/Stripping 

(125) 0.5 1000 99.68% 

(254) 0.2 50 99% 

(89) 1 200 99.5% 

(255) 10 5 88%~99% 

(163) 1 150 ~96.5% 

(256) 0.5 12 ~96% 

Present work 40 10000 99.9% 
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Figure 55. Coulombic efficiency of Zn plating stripping on bare stainless steel. 

J=40 mA/cm2, capacity= 0.8 mAh/cm2. 
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Figure 56. (A) Coulombic efficiency of Zn plating stripping on unaligned 

graphene substrate and (B) corresponding voltage profile. J=40 mA/cm2, 

capacity= 0.8 mAh/cm2. (C)(D) SEM images of Zn deposition morphology on 

unaligned graphene. J=4 mA/cm2, 2 mins. 
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Figure 57. SEM images of Zn deposits on (A)(B)(C) graphene and on (D)(E)(F) 

bare stainless steel. J=4mA/cm2, 48 mins. 



 

144 

Figure 58. Dependence of cell-level energy density on N:P ratio in a Zn||α-MnO2 

full cell. Calculation details: The voltage of the Zn||α-MnO2 is 1.3 V. The 

gravimetrical capacity of α-MnO2 is 150 mAh/g. The cell-level energy density is 

calculated on the total mass of the Zn anode and the α-MnO2 cathode. 
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Figure 59. Voltage profiles of the Zn||α-MnO2 full cells. 
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We measured the CE at higher current densities of 16 and 40 mA/cm2. (Table 2) (89, 

91, 125). As reported in Fig. 54B, high CE values (CE = 99.9% over 10000 cycles) 

are observed. In contrast, electrodes without the graphene coating fail after 8 cycles 

(Fig. 55). We also evaluated the performance of unaligned graphene substrates, 

created without the shearing procedure. With erratic voltage behavior, the measured 

average CE is 94% and the cells fail by 125 cycles, which is attributable to the uneven 

Zn deposition morphology (Fig. 56). 

We increased the areal Zn throughput to 3.2 mAh/cm2 to assess the stability of the 

homoepitaxy component of the deposition. Fig. 54C~D reports high electrode 

reversibility (CE ≈ 99.7% over 2,000 cycles), stable voltage profiles and 

homoepitaxial regulation of deposition morphology (Fig. 57). In contrast, the 

unmodified electrode fails after just one charge-discharge cycle!  

The high reversibility of the epitaxial anode allows us to study rechargeable batteries 

with low Negative to Positive electrode capacity (N:P) ratio (230, 257). A low N:P 

ratio is required for high overall energy density of a battery (Fig. 58). We created 

electrochemical cells in which the epitaxial Zn anode is paired with a conventional α

-MnO2 cathode with a N:P ratio of 2:1. Fig. 54E and Fig. 59 show that the cell with 

the epitaxial Zn anode maintains excellent capacity retention over 1000 cycles at 8 

mA/cm2. Analogous Zn||MnO2 cell cycling results at the same current density, but 

using anodes composed, respectively, of a Zn coating on stainless steel (N:P = 2:1) 

and a 620 μm thick Zn foil (N:P ~ 350:1) are provided in Fig. 54E.  
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Figure 60. SEM images of Zn deposits on (A)(B)(C) graphene substrate and 

(D)(E)(F) bare stainless steel substrate. Current density J= 4 mA/cm2, 2 mins. 
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Figure 61. Coulombic efficiency of Zn plating stripping in 0.2M Zn(CF3SO3)2 

dimethylether and corresponding voltage profiles (A) without and (B) with 

graphene. J= 4 mA/cm2; Capacity = 0.8 mAh/cm2. 
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Table 3. Potential epitaxial substrates for anode metals. 

Anode Metal Potential Epitaxial Substrate Lattice Misfit δ % 

Al Au/Ag 0.7 / 0.7 

Ca Sr/Pb 8 / 11 

Zn Co/Ti 6 / 9 

Mg Zr/Ti 0.9 / 8 

Li Ta 6 

Na Eu 8 

K Ba 4 
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Table 4. Lattice parameters of FCC metals. 

 

 

 

 

 

 

 

 

 

 

 

 

Face-Centered Cubic (FCC) Lattice Parameter a=b=c 

Ni 3.54 

Cu 3.61 

Rh 3.80 

Ir 3.83 

Pd 3.88 

Pt 3.91 

Al 4.04 

Au 4.07 

Ag 4.07 

Pb 4.93 

Ca 5.56 

Sr 6.05 

Ce 6.9 
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Table 5. Lattice parameters of HCP metals. 

Hexagonal Closed Packed (HCP) Lattice Parameter a=b 

Be 2.28 

Co 2.51 

Zn 2.67 

Ti 2.95 

Mg 3.20 

Zr 3.23 

Sc 3.30 

Gd 3.62 

Y 3.67 
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Table 6. Lattice parameters of BCC metals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Body-Centered Cubic (BCC) Lattice Parameter a=b=c 

Fe 2.86 

Cr 2.90 

V 3.04 

Mo 3.14 

W 3.16 

Nb 3.30 

Ta 3.30 

Li 3.50 

Na 4.20 

Eu 4.58 

Ba 5.01 

K 5.20 
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Figure 62. SEM images of Al deposits on bare stainless steel. Current density = 1 

mA/cm2, 10 mins. 
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Figure 63. (A)(B) SEM images of Al deposits on Au coated stainless steel. EDS: 

(C) SEM image, (D) combined mapping, (E) Al mapping and (F) Au mapping. 

Current density = 1 mA/cm2, 10 mins. 
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Figure 64. (A)(B) SEM images of Al deposits on Au coated stainless steel. EDS: 

(C) SEM image, (D) combined mapping, (E) Al mapping and (F) Au mapping. 

Current density = 1 mA/cm2, 50 mins. 
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In addition to aqueous electrolytes, the results in Fig. 60-61 reveal that the epitaxial 

approach can be readily extended to other electrolytes of interest, e.g. 0.2M 

Zn(CF3SO3)2 in dimethylether. In this non-aqueous electrolyte, a 99.97% CE is 

achieved. The improvement could stem from the suppression of hydrogen evolution 

and other side reactions. 

Epitaxial electrodeposition as a strategy for creating highly reversible metal anodes is 

relevant for other electrode chemistries of contemporary interest. For FCC metals (Al, 

Ca), BCC metals (Li, Na, K), and HCP metals (Mg), the screening for potential 

substrates can be performed based on the atomic arrangements of their close packed 

planes. Previously, epitaxial electrodeposition of various metals has been 

demonstrated (258, 259). Though none of these efforts have considered reversibility of 

the process, they indicate that the concept is broadly useful. In line with the criteria 

used to screen epitaxial substrates for Zn, we performed a screening for potential 

substrates for FCC, HCP and BCC metals (Table 3 and Table 4-6). As a 

demonstration, we studied the morphology of Al on (111)-textured Au nanosheets 

(260). This pairing stands out for the small lattice misfit δAu-Al= 0.7%  and chemical 

inertness of the Au. Electrodeposition was also performed in a lewis-acidic electrolyte 

that can dissolve surface oxide layer (261, 262) that prevents the direct contact 

between the metals and the substrate. The results reported in Fig. 62~64 show the Au 

sheets facilitate formation of evenly-distributed, nanosized Al electrodeposits, in 

contrast to the uneven, coarse particulate Al morphologies formed in the absence of 

epitaxial regulation. 
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4.3 Conclusion 

In conclusion, we report that reversible epitaxial electrodeposition at a metal electrode 

can be achieved using textured electronically conducting electrode coatings with low 

lattice mismatch with the metal of interest. An epitaxial aqueous-Zn system is reported 

to achieve high reversibility ( CE > 99.7%). The epitaxy regulation concept can be 

extended to achieve reversible cycling in nonaqueous-Zn electrochemical cells, as well 

as in other metal anode batteries. 
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Chapter 5. Spontaneous and field-induced crystallographic 

reorientation of metal electrodeposits at battery anodes 

 

Abstract: Morphological evolution during electrochemical deposition has reemerged 

as an important fundamental science question owing to the role it plays in determining 

the performance of energy-dense electrochemical cells that utilize metals as anodes. 

The propensity of most metal anodes of contemporary interest (e.g. Li, Al, Na, Zn) to 

deposit in non-planar, dendritic morphologies during battery charging is considered a 

fundamental barrier to achievement of high anode reversibility — a requirement for 

progress towards next-generation battery technologies able to deliver higher capacity 

and lower cost storage of electrical energy. The initiation and propagation of metal 

dendrites from dilute liquid electrolytes has been actively studied for over one hundred 

years and conventionally thought to be a natural consequence of ion depletion owing 

to sluggish mass transport in the electrolyte. In this study, we experimentally 

investigate the fundamental origins of non-planar and dendritic electrodeposition of 

several metals (Zn, Cu, and Li) in a three-electrode electrochemical cell bounded at 

one end by a rotating-disc electrode (RDE). Rotation of the electrode creates a well-

defined convective flow in the electrolyte, which allows us to systematically 

manipulate and study the effect of mass-transport-limited ion migration on 

electrodeposit morphology in dilute and, battery-relevant, concentrated electrolytes. 

We find that the classical picture of ion depletion-induced nucleation and growth of 

metal dendrites is valid in dilute electrolytes but is essentially never relevant in the 
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concentrated (≥ 1M) electrolytes typically used in rechargeable batteries. Using Zn as 

an example, we find that ion depletion at the mass transport limit may be overcome by 

spontaneous reorientation of the plate-like Zn crystallites from orientations parallel to 

the electrode surface to dominantly homeotropic orientations, which appear to 

facilitate contact with cations outside the depletion zone. This chemo-taxis-like 

process causes obvious transitions in texturing of the metal electrodeposition, 

increases the porosity of the metal electrodeposits, and is highly effective in arresting 

growth of non-planar dendritic deposits. It therefore results in higher electrochemical 

reversibility of the metal electrode than observed in typical dilute liquid electrolytes. 

We report further that even modest levels of normal flow created by rotating the 

electrode can completely eliminate homeotropic alignment of Zn platelets to produce 

compact Zn electrodeposits in which the platelets are aligned parallel to the electrode 

and produces Zn electrodes with very high (> 99.6%) electrochemical reversibility. By 

extending the study to other metals (Cu and Li) that do not deposit as anisotropic 

plates, we find that the chemo-taxis-like process is quite generic for metal 

electrodeposition in concentrated liquid electrolytes. In most cases it is the source of 

porous metal electrodeposit structures composed of open assemblies of primary 

particles. We rationalize these observations in terms of the length scales involved in 

the electrodeposition process and conclude that enhanced ion transport either by 

spontaneous reorientation or normal flow-assisted assembly are effective in 

suppressing dendritic electrodeposition of metals in concentrated electrolytes. 

 

[Adapted from Sci. Adv. 2020, 6 (25), eabb1122.] 



 

160 

5.1 Introduction 

Morphological evolution during formation of a crystalline, solid phase from a liquid 

solution is of scientific and practical interest in fields ranging from protein drug 

formulation, particle science, to metallurgy. Depending upon the conditions at which 

the phase transformation occurs, it is possible to interrogate both equilibrium and non-

equilibrium phenomena associated with solid phase nucleation and growth. Here we 

are specifically interested in a subset of these problems centered around 

electrodeposition of metals, particles, and polymers, where the solidification transition 

is electrochemically driven (34, 263, 264). Our interest is motivated by the critical role 

electrodeposition has played as a scalable manufacturing process for creating well-

defined, conformal coatings on conductive substrates (265). It is also driven by the 

important role that controlled electrodeposition of metals is thought to play in 

achieving high levels of reversibility in rechargeable batteries that utilize metal anodes 

(22, 218). We underscore that this interest spans cells that either deliberately use 

metals as the anode for achieving greater storage per unit mass/volume or in which the 

metal anode is formed spontaneously on a too quickly charged insertion electrode (e.g. 

the graphite anode used in emergent fast-charge, Lithium ion battery technology 

(266)).  

It is known that successful application of electrodeposition to create conformal 

coatings in any of these application contexts requires fast transport of charged species 

(e.g. ions, particles, polymers) in an electrolyte medium and stable redox reactions and 

transport at the electrolyte/electrode interface at which the deposition occurs. The 

propensity of metals to violate these requirements and to deposit on planar substrates 
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in rough, non-planar morphologies has been actively studied since the discovery of 

electroplating in the 1800s (267). It has been shown that multiple factors, including 

temperature (268), transport properties of the electrolyte (185, 269, 270), substrate 

chemistry/geometry (22, 169), and their interplay could either exacerbate or mitigate 

this propensity. The problem has reemerged as a priority research direction in recent 

years because of the role rough, dendritic electrodeposition of metals plays in 

premature failure and short-circuiting of high-capacity metallic battery anodes (87, 

198). Classical transport theory predicts that the growth and proliferation of such 

dendrites are the result of a combination of morphological and hydrodynamic 

instabilities, which lead to complex interfacial transport behaviors, including 

formation of an ion depleted Extended Space Charge Layer (ESCL) near any ion 

selective interphase in an electrolyte and to the nucleation and rapid growth of 

diffusion-limited, classical tree-like structures termed dendrites (34, 271, 272). 

Dendritic electrodeposition is fundamentally unsafe in the battery context because 

once formed at a battery anode, dendrites may grow aggressively to fill the inter-

electrode space, short-circuiting the battery (273). The current contribution therefore 

focuses on the physico-chemical processes that drive such instabilities in metal 

electrodeposition under conditions relevant in batteries.   

A large body of work already exists which shows that, consistent with classical 

transport theory, conformal electrodeposition of many metals (e.g. Zn, Cu, Sn, and 

Ag) at planar electrodes can only be sustained at current densities below a diffusion-

limited critical value 𝑖L =
4𝐹𝐶0𝐷

𝐿
 and/or at voltages below the predicted threshold V < 

Vcr ≈ 8 RT/F for the onset of hydrodynamic instability termed electroconvection (50, 
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70). Here C0 is the salt concentration in the electrolyte, RT/F = kT/e is the thermal 

voltage, D is the diffusivity and L is the interelectrode spacing. Electrodeposition 

under conditions outside these bounds has likewise been reported to produce non-

planar, classically dendritic (tree-like) morphologies (46, 274-277). We note, 

nonetheless, that the vast majority of these reports focus on dilute electrolytes (e.g.  

C0 < 0.1 M) with supporting salts (34, 43, 278). The concentrations of the 

electrochemically active salt are well below typical electrolyte concentrations 

employed in battery cells (e.g. C0 ≥ 1 M). In contrast, electrodeposition of many of the 

most promising metal anodes (e.g. Li, Na, Al) are typically studied in moderately salty 

electrolytes (e.g. C0 ≥ 1M) and broadly found to exhibit the following non-classical 

attributes: (i) formation of low-density mossy or wire/whisker like non-planar 

electrodeposition morphologies, as opposed to classical tree-like dendrites; (ii) a 

transition from planar to non-planar electrodeposit structure under far milder 

conditions (e.g. i << iL and V << Vcr) than predicted by classical theory; (iii) poor 

reversibility of the formed metallic deposits (22, 24, 26, 111, 279).    

Herein we report on the electrodeposition of metals in dilute (e.g. 0.05 M) and 

moderately concentrated (e.g. 2.5 M) electrolytes and find that transport plays 

fundamentally different roles. Specifically, we find that metals do not form classical 

dendritic electrodeposits under electrolyte conditions typically used in electrochemical 

cells. Instead we observe that the transition from planar to non-planar 

electrodeposition morphologies in metals is associated with the formation of highly 

porous, mossy structures driven by a chemotaxis-like anisotropic growth of the metal 

electrodeposits structures. The resultant morphologies are analogous to those 
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attributed in the literature to metal electrodeposition regulated by a heterogeneous 

solid-electrolyte interphase layer (87, 280). Additionally, we report that even moderate 

amounts of normal flow generated by rotating the electrode is sufficient to eliminate 

formation of non-planar electrodeposition at metallic electrodes and to produce highly 

reversible electrodeposit growth, under aggressive deposition conditions.  

Electrochemically driven solidification reactions of metals involve two dominant steps 

– transport of the metal ions to an electrode, which serves as a source of electrons; and 

reduction of the metal ions at the electrode to produce the metal (281). The interplay 

between physical and chemical kinetics associated with the two steps has been 

investigated for more than one hundred years in the context of metal plating.  It is 

known that the relative rate of transport of the metal ions to the rate at which they are 

reduced at the interface determine the size, morphology, and potentially even the 

shape of metal electrodeposits.  In dilute electrolytes, the rate of ion transport in the 

electrolyte can be quantified using the Nernst-Planck (N-P) equation in terms of the 

cation flux density, 𝑁+ = −𝐷+
𝜕𝐶+

𝜕𝒙
−

𝑧+𝐹

𝑅𝑇
𝐷+𝐶+∇Φ + 𝐶+𝐯 . The rate of the surface 

reduction reaction may likewise be quantified by the exchange current density, 𝑖𝑜.  

Here C+ is the cation concentration in the electrolyte, D+ is the diffusivity, 𝑧+ is the 

valence number of the cationic species, ∇Φ is the potential gradient, and v is the flow 

velocity. 

In the kinetic-rate-limited regime, the rate of ion transport in the electrolyte is fast 

enough to provide ions to replenish the ones depleted by the surface reaction; the rate 

at which the solid electrodeposit forms and grows on the electrode then depends only 

on the rate at which electrons can be transported to reduce arriving ions. In closed 
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electrochemical systems, such as batteries, convection is normally assumed to be 

unimportant and the surface reaction kinetics are much faster than the rate of ion 

transport to the electrode; the electrodeposition rate is therefore said to be transport-

limited. At a certain deposition current, iL, the rate of ion depletion at the electrode 

surface becomes larger than the rate of transport of fresh ions to the electrode, leading 

to the formation of a highly insulating ion-depletion (extended space charge) zone at 

the electrode surface.  Classical transport theory predicts that in a dilute electrolyte 

the thickness of this depletion layer, 𝜹𝑬𝑺𝑪𝑳 = 1.31 𝐿 × (
𝑉𝐹

𝑅𝑇
×

𝜆𝐷

𝐿
)

2

3 , increases with the 

applied voltage V and decreases with the electrolyte salt concentration, through the 

reciprocal relationship between the Debye screening length, 𝜆𝐷 , and the square root of 

the salt concentration (282). This means that beyond a critical voltage Vcr ≈ 8 RT/F, 

the current density ceases to depend on V, and a plot of i versus V displays a plateau at 

i = iL. For V >> Vcr, both experiments and theory show that the electric field exerts a 

body force on charged fluid in the ESCL, which drives unstable convective fluid 

motions via an instability termed electroconvection. The resultant electroconvection 

flux augments the diffusion and migration terms in the N-P equation, leading to a new 

regime, termed over-limiting conductance, in the i-V curve. Metal deposition is 

destabilized by electroconvection because the instability produces a non-uniform flux 

of ions to the electrode surface. Electrochemical reduction of ions in regions of high 

convective flux (i.e. “hot-spots”) produces rapid growth of non-planar, fractal-like 

dendritic electrodeposit morphologies (58, 283, 284), as illustrated in Fig. 65.  
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Figure 65. Illustration showing proposed differences between electrodeposition 

morphology and ion concentration in dilute and concentrated electrolytes. (A) 

Dendritic growth during metal deposition in dilute electrolyte solutions in the over-

limiting ion transport regime. (B) Crystallographic reorientation and growth during 

metal electrodeposition in concentrated electrolyte solutions above the classical 

diffusion limit. 
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The large difference in electrolyte salt concentrations used in literature studies (C0 < 

0.1 M) of Zn, Cu, and Ag electrodeposition, which have largely validated these 

classical effects, in comparison to those used in battery studies (C0 ≥ 1 M) is 

problematic for fundamental and practical reasons. Fundamentally, at high salt 

concentrations both the chemical potential gradient and the ion transport coefficients 

are subject to many-body, non-pairwise additive interactions, which produce complex 

ion-concentration dependences — invalidating the simple Nernst-Planck expression 

for the cation flux density (285). Additionally, at the much smaller 𝜆𝐷 values 

associated with the high salt content, the ESCL may become smaller than the diffusion 

boundary layer thickness (𝛿𝐷𝐿 =
𝐶+×𝑛𝐹×𝐷

𝑖𝐿
), meaning that ion transport through a 

stagnant fluid film at the electrode may dominate the interfacial dynamics of cations at 

the electrode. A straightforward approach for evaluating this possibility is use a 

rotating disc electrode (RDE) to generate a well-defined three-dimensional 

hydrodynamic flow field (𝒗 =  𝑣𝑟(𝑟, 𝑦)𝒆𝑟 + 𝑣𝑦(𝑦)𝒆𝑦 + 𝒗𝜃(𝑟)𝒆𝜃), where 𝑣𝑟(𝑟, 𝑦) =

0.51𝜔3/2𝜈−1/2𝑟𝑦, 𝑣𝑦(𝑦) = −0.51𝜔3/2𝜈−1/2𝑦2, and 𝑣𝜃(𝑟) = 𝑟𝜔, near the electrode 

surface (i.e. 𝑦 → 0) (281). The normal (y -) component augments the transport of ions 

to the electrode surface, which makes it possible to precisely manipulate the diffusion 

boundary layer thickness, 𝛿𝐷𝐿,𝜔 = 1.61𝜔−1/2𝐷1/3(
𝜇𝑠

𝜌
)1/6 , by varying the angular 

rotation rate, 𝜔, of the electrode. Here D is the ionic diffusivity, 𝜇𝑠 is the viscosity 

of the electrolyte solvent and  the electrolyte mass density. 
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5.2 Results and discussion 

To study the role of electrolyte salt concentration on electrodeposition, we first 

investigated electrodeposition of Zn in aqueous ZnSO4 electrolytes with three salt 

concentrations 0.05M, 0.5M and 2.5M. The 2.5 M ZnSO4 aqueous solution, as a 

typical mild-pH electrolyte, is a promising next-generation Zn battery electrolyte 

featuring multiple favorable properties (247, 286, 287). The rationale for choosing Zn 

for the study is straightforward. First, Zn electrodeposition can be performed in 

aqueous electrolytes where complications associated with the formation of a solid 

electrolyte interphase (SEI) can be avoided. Zn therefore provides a platform to 

deconvolute the high salt concentration and SEI formation processes that are typical of 

electrodeposition studies for metals such as Li and Na. Zn metal is also promising in 

its own right as an energy-dense rechargeable battery anode and is under active 

research for this purpose (21, 288-290). As acknowledged in prior literature (22, 89), 

regulating Zn deposition morphology appears crucial because Zn can more easily 

cause battery short circuits owing to its Young’s modulus that is one order of 

magnitude higher than Li (108 vs. 5 GPa).  
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Figure 66. Electrochemical measurements of Zn electrodeposition. Current-voltage 

(i-V) curves of Zn electrodeposition on a glassy carbon electrode at a scan rate of 5 

mV/s in: (A) 2.5M, (B) 0.5M and (C) 0.05M ZnSO4 (aq) electrolytes. Time-dependent 

current measured in constant-voltage, chronoamperometric Zn electrodeposition in the 

over-limiting transport regime: (D) 2.5 M and (E) 0.05 M ZnSO4 (aq) electrolyte. For 

the results in (D) the potential was held at -2.3 V and in (E) at -1.9 V v.s. (AgCl/Ag). 
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The red curves in Fig. 66A~C report the current-potential (i-V) curves measured using 

linear potential sweep voltammetry in aqueous electrolytes with low, intermediate, and 

high ZnSO4 concentrations. In each of the three cases, a critical overpotential exists, 

above which the i-V curve deviates from the linear relation as established in the initial, 

below-limiting ohmic region. The ohmic behavior observed at small potentials 

indicates mass transport is sufficiently fast to replenish the ion consumption by the 

reaction so that the electrolyte conductivity remains unchanged (50, 291, 292). As the 

current density approaches a critical value, i.e. the limiting current, the curve slope 

decreases, which is indicative of the reduced conductivity caused by ion depletion. 

The observed limiting current densities are 300, 50 and 5 mA/cm2 in 2.5, 0.5 and 0.05 

M electrolytes, respectively. Our observations are consistent with the linear 

relationship between iL and the electrolyte salt concentration. As the overpotential 

further increases, an over-limiting region is observable, again consistent with 

expectations based on the classical theory outlined in the introduction. This increase in 

slope is thought to reflect the initiation of additional mechanism(s) (e.g. 

electroconvection) that enhance the mass transport and thereby helps to overcome the 

diffusion limit. 

The results described by the red curves should be compared with the curves in yellow 

and blue plotted in Fig. 66A~C, which show the i-V responses under similar 

conditions but measured with electrode rotation. With the normal flow-assisted mass 

transport in the RDE, the limiting and over-limiting regions of the i-V curve are 

noticeably absent at the higher rotation rate; instead, an ohmic region showing a linear 

i-V relation holds throughout the entire sweep. It confirms that the changes of the i-V 
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curve slope observed in the cases without normal flow, including the decrease and the 

increase, are attributable to mass transport in the liquid electrolyte bulk. Comparing 

Fig. 66A~C we therefore conclude that, in both the dilute and concentrated 

electrolytes, mass transport governed limiting and over-limiting behaviors play an 

important role in ion transport in the electrolyte bulk and would therefore be expected 

to influence electrodeposition of Zn.  

To understand the mechanisms leading to the transition from limiting to over-limiting 

ion transport, in concentrated and dilute ZnSO4 (aq) electrolytes, we characterized the 

microstructure of Zn electrodeposits obtained from chronoamperometry, i.e. constant-

potential deposition for a certain period of time. Potentials that correspond to below-

limiting, limiting, and over-limiting conditions as evidenced in the Fig. 66A and 66C 

were used in the study. We also monitored the time-dependent currents in the 

chronoamperometric deposition experiments. For applied potential corresponding to 

an over-limiting region, the current density profile exhibits a negative slope before the 

current minimum is reached at the Sand’s time (Fig. 66D and 66E), implying the 

concentration of metal cations falls to zero in a fluid layer near the electrode surface 

(293). Sand’s time can be calculated using the formula: 𝑡𝑠𝑎𝑛𝑑 = 𝜋𝐷
(𝑧𝐶𝐹)2

4(𝑖(1−𝑡+))2, where 

t+ is the cation transference number. The estimated Sand’s times for the 2.5M and the 

0.05M electrolytes are thus determined to be 11.2 and 8.5 seconds, respectively. We 

note further that both estimates are of comparable order of magnitude to the 

experimentally observed values. Subsequently, the current density increases after the 

Sand’s time indicative of the initiation of additional mass transport mechanism(s). 

These observations from chronoamperometric electrodeposition are in good agreement 
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with the linear sweep results discussed earlier.  

The main results of the study are presented in Fig. 67 and 68. They show the 

morphological evolution of Zn under different conditions revealed by scanning 

electron microscopy. The numbers on the left side of the images indicate the 

deposition potentials and rotation rate as labeled in Fig. 66A (#1~#4) and 66C (#5~#8) 

at which the measurements were performed. The rather clear but unexpected 

observation is that whereas classical, tree-like and highly branched dendrites are 

observed in the dilute electrolyte under mass-transfer-controlled conditions (Fig. 

68C~F), the Zn deposited from concentrated electrolytes under such conditions 

exhibits a morphology that is obviously non-dendritic. Instead, the Zn deposits as 

vertically aligned platelets with diameter, Φ, in the range 10~20 μm. It should be 

noted that the areal deposition capacity used for the measurements is around 6 

mAh/cm2 (estimated using the current density and deposition time), which is beyond 

the usual areal capacity, i.e. <2 mAh/cm2, employed in Zn battery studies using mild-

pH electrolytes (20, 294, 295). The morphology formed  in the over-limiting region 

can be compared with the Zn morphology formed in the below-limiting regime (Fig. 

67A~B) or under the influence of normal flow (Fig. 67G~H) in the RDE, where the 

plates are observed to be clearly aligned in the plane of the electrode. The vertical 

alignment of Zn electrodeposits, as opposed to dendritic growth, has to our knowledge 

not been reported previously.  
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Figure 67. SEM images showing morphological evolution of Zn electrodeposits in 

a concentrated, 2.5 M ZnSO4 (aq) electrolyte at different potentials. (A)(B) -1.9 V, 

(C)(D) -2.1V, (E)(F) -2.3 V without rotation, and (G)(H) -2.3V with 1000 rpm 

rotation. Deposition time 60 s. 
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Figure 68. SEM images showing morphological evolution of Zn electrodeposits in 

a dilute, 0.05 M ZnSO4 (aq), electrolyte at different potentials. (A)(B) -1.3 V, 

(C)(D) -1.6 V, (E)(F) -1.9 V without rotation, and (G)(H) -1.9 V with 1000 rpm 

rotation. Deposition time 60 s. 
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Figure 69. Optical micrographs of Zn electrodeposits. (A) 0.05 M and (B) 2.5 M 

ZnSO4 electrolyte. The chronoamperometric electrodeposition was performed under 

over-limiting conditions. 
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Figure 70. X-ray analysis of the crystallographic evolution of Zn during 

electrodeposition in a concentrated, 2.5 M ZnSO4 (aq) electrolyte with and 

without normal flow. (A) XRD line-scan patterns for the Zn electrodeposits. (B) The 

Peak intensity ratio of the Zn 002:101 deduced from the line scans in (A). 2D-XRD 

patterns of Zn electrodeposited at: (C) -1.9 V, (D) -2.1V, (E) -2.3 V without rotation, 

and (F) -2.3V with 1000 rpm rotation. 
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The ease with which rotation switches the plate alignment from vertical to horizontal, 

the correlation of the onset of Zn platelet alignment with transported-limited 

deposition, and the absence of classical dendritic growth in the concentrated 

electrolytes under transport-limited conditions lead us to hypothesize that the plate-

like Zn electrodeposits may undergo a reorientation transition to maximize access to 

the supply of ions just outside the depletion zone. As a first test of this hypothesis, we 

performed optical microscopy to visualize the morphology at a larger scale (Fig. 69). 

The results show that the Zn morphology formed in dilute electrolyte is highly 

heterogeneous, featuring aggressively extending dendrites. In contrast, the Zn 

deposition morphology in concentrated electrolyte is homogeneous at the optical scale. 

The observation that Zn tends to form plate-like deposits in concentrated electrolytes 

is consistent with previous post-mortem analysis of Zn battery anodes (22). Due to the 

anisotropy of the hexagonal-close-packed (HCP) zinc crystal, Zn preferentially 

exposes the basal plane, i.e. (002), which has the highest atomic packing density, to 

minimize its surface free energy. In other words, the plane normal of the plate-like Zn 

electrodeposits is parallel to the [002] direction of Zn crystal. Based on this connection 

between the microstructure and the crystal structure of Zn, the reorientation process 

from horizontal alignment in the below limiting regime to vertically alignment in the 

over-limiting regime changes the texturing behavior of the deposits, and therefore can 

be quantified using X-ray diffraction (XRD; see Fig. 70). The texturing behavior is 

characterized by the peak intensity ratio between (002)Zn and (101)Zn, as can be 

discerned in the line scans plot (Fig. 70A) and the 2D scan plot (Fig. 70C~F). A 

greater I002:I101 means the deposit is more (002)-textured, i.e. more (002) planes are 
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parallel to the substrate. As shown in Fig. 70B, the I002:I101 decreases from 5.2 to 0.6 

as the overpotential increases. Under the influence of flow-assisted mass transport, the 

Zn deposits exhibits a strong (002) texturing, as indicated by the I002:I101 as high as 25. 

These XRD analyses statistically confirmed the reorientation growth induced by mass-

transport limit. 

To determine the consequence of our observation on reversibility of a Zn electrode, 

we evaluated the plating/stripping efficiency of the Zn electrodeposits. The reoriented 

Zn plates formed in the over-limiting regime exhibit Coulombic efficiencies of 

80~90% at different areal deposition capacities (see blue points in Fig. 71A), which 

are similar to the reported Zn plating/stripping efficiencies in battery anodes reported 

in the literature (22, 89). These values are significantly higher than the Coulombic 

efficiencies of 15%~65% achieved by the classical dendrites formed in dilute 

electrolytes (Fig. 72). As shown by the red points in Fig. 71A~B, the compact, planar 

Zn deposits formed under the influence of normal flow have a close to unity (~99.6%) 

reversibility! These results indicate that the electrodeposition morphologies are 

strongly influenced by salt concentration, normal flow, and deposition conditions. 

And, that the electrodeposit morphology directly determines the plating/stripping 

reversibility of a metal. 

Clues to interpreting the difference in reversibility between the non-planar, reoriented 

Zn and the planar Zn can be discerned from Fig. 71C~D. As illustrated in the scheme 

(Fig. 73), on a planar, compact Zn electrode, the stripping reaction evenly occurs at 

the interface between the metal and the liquid electrolyte; in contrast, the stripping of a 

porous, non-planar Zn can proceed inside the structure, leading to the mechanical 
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disconnection/reconnection of metal deposits (forming “dead” metal). This is 

evidenced in the results by the spiky current profile in the inset to Fig. 71D (24). 

These observations have obvious implications for battery anode design. Specifically, 

they show that although the porous Zn deposits formed by reorientation growth, as 

opposed to dendritic growth, are homogeneous over the electrode surface, they offer a 

plating/stripping efficiency that is far too low to meet the requirements of viable 

battery system (i.e. >99%). For stationary batteries, our results suggest that an obvious 

strategy to curb the reorientation growth is to introduce artificially generated normal 

flow to reorient the Zn plates. For portable batteries, an interphasial coating on the 

substrate that can epitaxially promote the planar, (002)-textured Zn growth has been 

suggested as an approach for crystallographic regulation of the deposition process 

(22). 
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Figure 71. Electrochemical reversibility of Zn electrodeposits measured in a 2.5 

M ZnSO4 (aq) electrolyte. (A) Coulombic efficiency for Zn plating/stripping w/ and 

w/o rotation. (B) Coulombic efficiency for Zn plating/stripping at different RDE 

rotation rates. Time-dependent evolution of the current density during stripping of Zn 

deposited (C) w/ and (D) w/o normal flow. 
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Figure 72. Coulombic efficiency of Zn plating/stripping in 0.05 M ZnSO4. The CE 

values achieved in 0.05 M (15%, 47% and 65%) are substantially lower than the ones 

in 2.5 M ZnSO4 (80~90%). As revealed by the SEM characterization, the 

electrodeposition morphology in 0.05 M electrolyte is highly dendritic. The results 

suggest that dendritic metal electrodeposits have a low plating/stripping reversibility, 

owing to morphological instability. 
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Figure 73. Schematic diagram showing the stripping of porous and compact 

electrodeposits. The interface of the stripping process is indicated by blue. 
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An intriguing and fundamentally important question is — what mechanism(s) leads 

to the distinction between the over-limiting Zn morphologies in the dilute and the 

concentrated electrolytes? As the length scales of the Zn electrodeposited 

microstructures extending from the electrode surface into the electrolyte are quite 

different in the two cases (e.g. Φplate ≈ 10~20 μm, for reorientation growth in 2.5M 

electrolyte versus a primary dendrite arm length Larm > 200 μm for the non-planar 

growth in a 0.05M electrolyte), we hypothesize that these morphologically-expressed 

length scales are a reflection of underlying transport length scales in the electrolyte, 

e.g. diffusion layer thickness 𝜹𝑫𝑳  and/or extended space charge layer thickness 

𝜹𝑬𝑪𝑺𝑳, which control electrochemical access of the growing electrodeposit structures 

to Zn2+ ions in solution. 

We calculated 𝜹𝑬𝑺𝑪𝑳and 𝛿𝐷𝐿 for the three ZnSO4(aq) electrolyte compositions used 

in the study: 𝜹𝑬𝑺𝑪𝑳(2.5𝑀) ≈ 1.6 𝜇𝑚, 𝛿𝐷𝐿(2.5M) = 41 𝜇𝑚 ; 𝜹𝑬𝑺𝑪𝑳(0.5𝑀) ≈

3.5 𝜇𝑚, 𝛿𝐷𝐿(0.5M) = 71 𝜇𝑚;  𝜹𝑬𝑪𝑺𝑳 (0.05𝑀) ≈ 5.6 𝜇𝑚,  𝛿𝐷𝐿(0.05M) = 256 𝜇𝑚. It 

is noticeable that 𝛿𝐷𝐿is consistently closer to the average size of the Zn structures 

observed in the SEM images (e.g.  Φplate (2.5M) is of the same order of magnitude, 

i.e. 101 μm, as  𝛿𝐷𝐿(2.5 𝑀) and  𝛿𝐷𝐿(0.05M)  and the characteristic length of 

primary dendrite arms are of the same order of magnitude, i.e. 102 μm). This suggests 

that the Zn electrodeposit growth is constrained to the diffusion layer thickness and 

that the Zn deposits grow to the point where mass transport limitations in the liquid 

electrolyte are just overcome, as illustrated in Fig. 65A~B. In addition to the 

characteristic lengths, the specific geometries of the electrodeposits can be understood 

based on this analysis. Plates are two dimensional structures that extend not only 
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towards the bulk electrolyte but also sideways; in contrast, dendrites show one-

dimensional characteristics, by extending primarily towards the bulk electrolyte (Fig. 

65A ~B). In a dilute electrolyte, as the diffusion layer is thickened, the electrodeposits 

appear to adopt the more efficient growth mode, i.e. the latter 1D dendritic pattern, to 

overcome the mass transport limitation. 

The increase in magnitude of 𝜹𝑬𝑺𝑪𝑳 with increasing ion concentration nonetheless 

offers an alternative explanation. Specifically, previous literature reports indicate that 

the electroosmotic slip velocity at the edge of ESCL generated by electroconvective 

flow may also produce a non-uniform ion flux to the electrode, driving preferential 

growth at dendrite tips (77, 296). Related works show that the electroconvective flow 

can be readily attenuated by imposition of a convective cross flow (283, 297). We 

measured the average diameter Φ of the Zn platelets obtained after a fixed deposition 

time of 60 s (see Fig. 67) as a function of overpotential V, to determine whether the 

classical  𝛿𝐸𝐶𝑆𝐿~𝑉2/3 scaling relation holds. The results reported in Fig. 74 show that 

Φplate increases more strongly than 𝑉2/3, and that the relationship is nearly linear. The 

Nernst-Planck equation predicts a linear relation between the cation flux N+ and the 

overpotential. For a fixed deposition time and surface area, this would lead to the 

trivial result Φplate  V, as a larger electrodeposition amount is accumulated in the 

sheets over a fixed deposition time. Thus, we conclude that 𝛿𝐷𝐿 is the dominant 

length-scale that determines the size of the Zn plates.   
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Figure 74. Effect of electrodeposition overpotential on the average size of Zn 

plates deposited in a 2.5M ZnSO4 (aq) electrolyte. The dashed line through the 

points corresponds to the trivial scaling relationship Φplate ~ V. 
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We next studied how variations in the diffusion layer thickness influence the average 

size of the deposits. It is known that a convective flow produced by rotating the 

electrode in its plane at an angular speed 𝜔, produces a diffusion layer thickness 

𝛿𝐷𝐿 = 1.61𝐷
1

3𝜔−
1

2𝜐
1

6, that can be systematically altered through control of 𝜔 (281). 

Here, 𝜐 is taken as the kinematic viscosity of the electrolyte solvent and we estimate 

𝛿𝐷𝐿 under the influence of normal flow in the RDE as: 𝛿𝐷𝐿(2.5M, 1000rpm) =

10.5 μm; 𝛿𝐷𝐿(0.05M, 1000rpm) = 13.3 μm. In both cases the estimated 𝛿𝐷𝐿  is 

smaller than the length scale of the microstructure observed in the over-limiting region 

without flow, implying that both the reorientation growth observed in a concentrated 

electrolyte and the dendritic growth in a dilute electrolyte can be suppressed in the 

1000 rpm case, which is precisely what we observe.  

Considering that the analysis above does not involve the specific chemistry of Zn, e.g. 

its crystal structure, we anticipate that analogous phenomena should be observable for 

other metals. To examine this, we performed a comparative study of Cu 

electrodeposition in dilute (0.05M) and concentrated (1M) aqueous CuSO4 

electrolytes. The selection of Cu deposition from CuSO4 (aq) is mainly based on the 

following considerations: (a) both Zn and Cu do not form a passivating SEI like Li 

does (24, 298) that introduces additional complexity in ion transport; and (b) Zn and 

Cu have a hexagonal and a cubic crystal symmetry, respectively. Therefore, a 

comparison between them can rule out the possibility that the observed phenomenon, 

i.e. the suppression of dendritic growth in battery-concentration electrolyte, is specific 

to hexagonal metals, e.g. Zn. The results are reported in Fig. 75-76 and their 

interpretation is straightforward — in 1M CuSO4, tree-like Cu dendrites are not 
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observed in the over-limiting regime; instead, similar to the Zn case, Cu deposits in 

high-porosity morphologies that again like Zn appear macroscopically homogeneous, 

suggesting that the deposition interface is stable. In contrast, the Cu deposits formed 

under over-limiting conditions in the dilute 0.05M CuSO4 (aq) electrolyte exhibit 

obvious heterogeneous, dendritic morphology (Fig. 77-78).  

5.3 Conclusion 

As a final question, it would be of broad interest to determine the relevance of our 

observations to other metals, including cubic Li, Na, K, Al and hexagonal Mg. We 

note that these metals also form solid-electrolyte interphases in liquid media, which is 

commonly thought to play a decisive role in their electrodeposition morphology. A 

preliminary assessment of Li electrodeposition in 1 M LiPF6 in carbonate-based 

electrolyte is provided in Fig. 79-80. Consistent with the results of Zn and Cu, no 

branched, tree-like dendritic structures are discernable in the moderately concentrated, 

1 M electrolyte. Instead, highly porous, moss-like structures are formed, and the 

degree of porosity develops as the deposition condition moves from the below-limiting 

regime to the over limiting regime. Further exploration of the concept in the context of 

the electrodeposition of reactive metals that form SEI could be made with specific 

attention being paid to the potential influence of SEI on ion-transport from the bulk 

electrolyte toward the deposition interface. 
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Figure 75. Electrochemical characteristics of Cu deposition on glassy carbon 

electrode from 1 M CuSO4 electrolyte. (A) Current-voltage (i-V) curves of Cu 

electrodeposition w/ and w/o rotation. (B) Time-dependent current measured in 

constant-voltage, chronoamperometric Cu electrodeposition. 
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Figure 76. SEM images showing morphological evolution of Cu electrodeposits in 

a concentrated, 1 M CuSO4 (aq) electrolyte at different potentials. (A)(B) -0.4 V, 

(C)(D) -1.0 V, (E)(F) -1.6 V without rotation, and (G)(H) -1.6V with 1000 rpm 

rotation. Potential referenced to AgCl/Ag electrode. Deposition time 120 s. As shown 

in the SEM images, the porosity of Cu electrodeposits as the overpotential increases. 

When a normal flow is introduced, the porosity is eliminated. Throughout the whole 

evolution, no branched dendritic pattern is observable. 
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Figure 77. Electrochemical characteristics of Cu deposition on glassy carbon 

electrode from 0.05 M CuSO4 electrolyte. (A) Current-voltage (i-V) curves of Cu 

electrodeposition w/ and w/o rotation. (B) Time-dependent current measured in 

constant-voltage, chronoamperometric Cu electrodeposition. 
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Figure 78. SEM images showing morphological evolution of Cu electrodeposits in 

a 0.05 M CuSO4 (aq) electrolyte. (A)(B) -1.6 V without rotation. Branched, tree-like 

dendrites are observed. 
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Figure 79. Electrochemical characteristics of Li deposition on glassy carbon 

electrode from 1 M LiPF6 electrolyte. (A) Current-voltage (i-V) curves of Li 

electrodeposition w/ and w/o rotation. (B) Time-dependent current measured in 

constant-voltage, chronoamperometric Li electrodeposition. 
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Figure 80. SEM images showing morphological evolution of Li electrodeposits in 

a concentrated, 1 M LiPF6 in carbonate-based electrolyte at different potentials. 

(A)(B) -0.6 V, (C)(D) -1.5 V, (E)(F) -2.7 V without rotation. Potential referenced to 

Li+/Li electrode. Deposition time 120 s. 
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Chapter 6. Textured Electrodes: Controlling the Built-in 

Crystallographic Heterogeneity via Severe Plastic Deformation 

 

Abstract: Understanding and manipulating the electrochemical deposition/dissolution 

of metals underpins multiple scientifically and technologically important opportunities 

to develop next-generation battery electrodes. Very recent studies show that the 

crystallographic features of electrodeposits formed in battery electrodes play 

determinant role in the morphological evolution and the reversible operation of 

batteries. In this work, we first use Zn metal—a promising, cost-competitive anode 

material—as an example to interrogate the built-in crystallographic heterogeneity of 

commercial metal foils and its influence on the electrochemical plating/stripping 

behaviors. The results show that the native commercial foils feature a large 

crystallographic heterogeneity—e.g. broad orientational distribution, which results in 

rough morphology upon plating/stripping. To address this issue, we use accumulative 

roll bonding (ARB)—a severe plastic deformation process—to narrow the orientation 

distribution of the grains in metal foils. After the ARB process, the Zn grains exhibit a 

strong (002) texture. Particularly, we report that the texture transitions from a classical 

bipolar pattern to a nonclassical unipolar pattern under large nominal reduction rate, 

almost completely eliminating the orientational heterogeneity of the foil. The strongly 

(002)-textured Zn electrodes promote uniform, homoepitaxial growth of Zn, suppress 

the nonuniform plating/stripping landscape and remarkably stabilize the continuous 

plating/stripping performance. With rational designs of the plastic deformation 
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process, the concept reported herein can be generalized to create new opportunities in 

developing scalable, highly reversible metal anodes with specific crystal textures for 

next generation batteries, such as Li, Na, Al, etc. 

 

[adapted from submitted work] 
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6.1 Introduction 

Metal electrodes have been deployed throughout the 20th century to store energy in 

battery systems. In their early forms, the batteries operated as single-charge devices—

called primary batteries, e.g. AA alkaline battery (Zn-MnO2). The recent decade 

witnessed a revival of research interest in metal electrodes that can work reversibly in 

rechargeable batteries. In this scenario, the metal is repeatedly plated and stripped 

during battery charge and discharge, respectively. The key issue faced by this group of 

reversible metal anodes is the formation of a heterogeneous, porous electrodeposition 

morphology that causes fast capacity fading and battery failure. This reintroduces a 

many-decades old challenge, which was addressed by numerous investigators but 

remain unsolved before the development of intercalation electrodes allowed it to be 

avoided. The challenge is how to impose effective and sustained regulation on metal 

deposition at planar interfaces during repeated cycles of electro-plating/stripping in a 

closed battery cell.   

The porous, ramified electrode landscape developed during repeated cycles of 

plating/stripping is now believed to stem from multiple fundamental instabilities, 

either physical (e.g. mass transport limit, uneven electrical field distribution), or 

chemical (e.g. heterogeneous solid-electrolyte interphase), and sometimes their 

interplay. The resultant complexity impedes a fast progress towards the development 

of competitive metal electrodes. Very recently, a subgroup of studies revealed that the 

crystallography of metal deposits plays a critical but previously underexplored role in 

the plating/stripping. These studies showed, further, that the crystallographic features a 

metal deposit forms at the interface can serve as a sensitive indicator of the 
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electrodeposition quality. In this regard, various crystallographic descriptors, including 

the geometry of the crystallite building blocks and the orientational assembly mode 

with respect to the electrode surface have been employed. A universal rule, 

independently established in different metal systems, e.g. Zn (22, 28, 79) and Li (299, 

300), is that stable plating/stripping can be achieved when the deposits exhibit a 

strong crystallographic texture (e.g. as produced by aligning the close-packed crystal 

plane with the substrate). Multiple approaches for obtaining such textured metal 

deposits have been proposed, including heteroepitaxy, convective flow, electrolyte 

additive and so on; it is remarkable that all appear to be successful in controlling the 

metal electrodeposit morphology during the plating process(94).   

Noticeable is that these prior studies focus on metal deposition on substrates that are 

of chemistries different from the metal—such as Zn on carbon, Li on Cu, etc., while in 

a deployable battery setup, the working anode in the form as a metal foil pre-stored in 

the battery. The amount of the prestored metal typically exceeds—by at least one 

order of magnitude in most state-of-the-art studies—the amount that is plated/stripped 

in each battery cycle. However, the role the native crystallography of these metal foils 

play in the evolving electrode morphology has been largely overlooked. As we will 

soon see, the crystallographic heterogeneity of metal foils, featuring broad size and 

orientation distribution of the grains, externalizes itself onto morphological and 

electrochemical instabilities which, as is already discussed in this thesis, lead to 

battery failure during cycling. There are two fundamental origins of these instabilities. 

First, the dissolution rate of the metal is dependent on the exposed crystallographic 

facet. This means that the orientational heterogeneity of the grains will translate into 
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morphological heterogeneity upon battery discharge. Second, electrodeposition on the 

metal foil is subject to the influence of homoepitaxy. Via this homoepitaxy 

mechanism, the built-in crystallographic heterogeneity templates the morphology 

adopted by the newly-deposited metal upon battery recharge. Strong interventions are 

therefore needed to control the built-in crystallographic heterogeneities of the metal 

electrodes.  

Using single crystalline metals is a seemingly simple solution to this problem. The 

growth of single crystalline metals has been long pursued due to its technological 

importance—for example—in manufacturing turbine blades. The cost 

($100~1000/cm2) however rules out this approach for application in commercially-

relevant battery systems. Scalable, cost-competitive approaches for controlling the 

crystallographic properties of metal electrodes is consequently of interest both for 

fundamental reasons (i.e. for evaluating our hypothesis) and for practical rechargeable 

batteries with long cycle life. 

Severe plastic deformation (SPD) is a group of metallurgical processes in which a 

solid material is subject to a stress large enough to initiate plastic flow. The stress can 

be produced by processes such as rolling, extrusion, and forging that impose 

anisotropic deformations that are typically a combination of plane-shear and 

elongation. Application of these processes in metallurgy is well-studied and actively 

used to manipulate the microstructure of crystalline materials at the scale of grain. The 

important aspect of SPD relevant to the question as defined earlier, is that crystals 

undergo substantial texture evolution in an SPD process (see Fig. 81). The SPD-

induced texturing also shows strong dependence on the specific deformation 
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procedures and the intrinsic crystal symmetry. This dependence is largely determined 

by the relative orientation of the principal deformation axis to the allowed slip planes. 

The most conventional are cases where the slip planes are close-packed planes along 

the close-packed directions, e.g. (0002) <112̅0> in hexagonal close packed (HCP) 

metals. Here we propose to take advantage of this to manipulate the built-in 

crystallographic properties of metal anode and, subsequently, to illustrate the effect of 

the formed, highly textured materials, on morphological control during battery 

cycling.  
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Figure 81. Schematic diagrams illustrating the concept of crystallography 

heterogeneity. (A) Microstructures of the grains in Zn metal foils (left), and the 

morphology after plating/stripping cycles. (B) Slip mechanism for HCP metals: (002) 

close-packed plane along <110> close-packed direction. (C) Accumulative roll 

bonding (ARB) enables arbitrarily large nominal deformation reduction rate of metal 

foils. After each rolling pass, the as-rolled metal foil is folded (bonding) and then 

rolled again. Certain nominal reduction rates can be achieved by repeating this roll-

bonding cycles for certain times. 



 

200 

Figure 82. Crystallographic characterization of Zn metal foils subject to rolling. 

(A) 2D X-ray diffraction patterns obtained of the Zn foils before and after certain 

numbers of ARB times, as noted behind the patterns. 2 θ =38.2 degree. (B) Texture 

evolution during the accumulative roll bonding (ARB) process. Red data points show 

the ratio between (002) diffraction intensity and total diffraction intensity. Blue data 

points show the full width at half maximum of (002) diffraction intensity along a 

range of χ angles. (C) X-ray diffraction line scans. (D) (002) diffraction intensity along 

χ angle. 



 

201 

As a first proof-of-concept demonstration, we choose Zn metal—a low-cost anode 

material that underpins multiple technological advances towards commercially-

competitive energy storage systems—to evaluate the roles played by crystallographic 

heterogeneity in electro-plating/stripping. The main rationale for choosing Zn is that it 

has an HCP crystal structure, which has a more anisotropic energy landscape than 

cubic crystals such as Li, Na, Al, etc. The highly anisotropic energy landscape of Zn 

imposes more explicit effects on the deposition morphology. Zn therefore serves as the 

appropriate candidate to evaluate the roles crystallographic heterogeneity plays. A 

second, more generic reason is that Zn due to its moderate electrochemical potential 

does not suffer from parasitic chemical reactions as serious as highly reactive alkali 

metals. This allows us to stay away from complications such as the formation of a 

solid-electrolyte interphase, and to focus on the crystallographic aspects. 

6.2 Results and discussion 

Fig. 82 reports the two-dimensional x-ray diffraction characterization of the 

crystallographic features under different reduction rates. As is evident in Fig. 82A, the 

commercial Zn metal foil shows a broad size and orientation distribution. Three main 

diffraction rings are assigned to (002), (100) and (101), respectively. The simultaneous 

presence of the three rings (at the three 2θ angles) and the random χ angles of the spots 

on the rings together suggests a high degree of orientational disorder. The large 

variation in intensity of the diffraction spots is indicative of a broad size distribution—

brighter, larger spots are generated by diffraction from coarser grains, and vice versa. 

As depicted in Fig. 82A~D, the texturing of the metal foil undergoes remarkable 

transition as the reduction rate increases (from the #0 original foil, to foils after 8, 16, 
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24 times of ARB). Specifically, after 8 times of ARB, the Zn foil exhibits the classical 

bipolar distribution of (002) basal planes, featuring a 15~25 degree deviation from the 

normal direction of the foil. This is caused by Zn metal’s large-scale twinning, in 

combination with the basal slip (0002) <112̅0> (301).  

As the nominal reduction rate further increases, the Zn metal’s texture transitions from 

the classical bipolar pattern (#8), strikingly, to a unipolar pattern (e.g. #16, #24). This 

may be attributable to the nano size of the grains: in the bipolar regime, the grain size 

is at micro scale; while in the unipolar regime, the grain size is at the nano scale as 

will be shown in Fig. 83. Prior literature shows that the twinning in micro-grains and 

nano-grains occurs via different mechanisms, and the critical stress value needed to 

initiate twinning in nano-grains is significantly higher (302-304). Fig. 82B~D provide 

detailed, quantitative analyses of such crystallographic transition process. The ratio of 

(002) texture continuously increasing and saturates at ~90% after 12 times of ARB 

(see also Fig. 82C). In the subsequent ARB process, the orientational distribution of 

(002) is further narrows as quantified by the full width at half maximum (FWHM) of 

the (002) diffraction intensity along the χ angle. These X-ray diffraction results 

unambiguously show that the built-in crystallographic heterogeneity of the Zn metal 

electrode is strictly regulated via the ARB process as we hypothesized earlier. 
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Figure 83. Metallographic characterization of Zn foils. Optical microscopy 

characterization of (A)(B) two conventional commercial Zn foils, and (C) ARB (002)-

textured Zn foil. Scanning electron microscopy characterization of (D)(E)(G)(H) the 

conventional Zn foils, and (F)(I) ARB (002)-textured Zn foil. The foils are 

electropolished before microscopy observation.  
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We further used microscopy techniques to characterize the metallographic features of 

these metal foils (Fig. 83). Following standard metallographic characterization 

procedures (305, 306), the metal foils are subject to an electro-stripping (polishing) 

process before observation to remove surface impurities and to unveil the landscape of 

the grains. In the anodization process, different facets show distinct dissolution rate, 

leading to a height variation across the grains of different orientations. Such height 

variation constitutes the contrast in optical microscopy images (Fig. 83A~C). On two 

conventional commercial Zn foils, coarse grains with a large size and orientation 

distribution are observed (Fig. 83A~B), in start contrast to the uniform metallography 

of (002)-textured Zn foil (Fig. 83C). This is consistent with the SEM observations 

showing the metallographic features at a smaller length scale. While the commercial 

foils exhibit large morphological heterogeneity after the electrostripping (Fig. 84D~E, 

G~H), the (002)-textured Zn persistently show homogeneity down to the nanoscale. 

These metallographic characterization results corroborate the observations made based 

on X-ray diffraction, and also suggest that the (002)-textured Zn foil maintains the 

morphological homogeneity during electro-stripping. 
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Figure 84. Zn electrode morphology after plating/stripping cycles. Photos of 

cycled (A) commercial Zn foil and (B) ARB Zn foil. Optical microscopy images of 

cycled (C) commercial Zn foil and (D) ARB Zn foil. Scanning electron microscopy 

images of cycled (E) commercial Zn foil and (F) ARB Zn foil. 
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We then evaluate the electroplating/stripping morphology evolution on metal foils of 

representative crystallographic features. Fig. 84 shows the surface morphology of the 

Zn electrodes at multiple length scales after plating/stripping cycling in 

electrochemical cells using 2M ZnSO4(aq)—a mild-pH electrolyte of interest in the 

development of commercially-competitive Zn batteries. As can be clearing seen in the 

photos and the optical microscopy images of the electrodes after cycling (Fig. 

84A~D), the Zn electrodeposits are grey, porous on commercial Zn foil, but shiny, 

compact on textured Zn foil. The origins of these two morphologies in stark on 

contrast can be traced by examining the detailed growth mode of electrodeposited Zn 

on the foils. On the commercial Zn foil, the electrodeposit is comprised of randomly-

oriented Zn plates (Fig. 84E), forming a porous network, which is widely reported in 

the literature, and this pattern is also detected on Zn deposits on inert stainless-steel 

substrates. Without regulation, the intrinsic growth mode of Zn deposits is the 

assembly of randomly-oriented Zn plates, which unfortunately leads to “dead”/ 

“orphaned” Zn and battery short. On (002)-textured Zn foil, the Zn deposits remain the 

plate-like morphology but are horizontally aligned and show a compact deposition 

morphology. The comparison between the two morphologies suggests that 

homoepitaxy effectively dominates the deposition and promotes a uniform, planar 

surface morphology during cell cycling. 
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Figure 85. Electrochemical performance of Zn electrodes in symmetric cells. 

Plating/stripping cycling voltage profiles of (A) commercial Zn foil and (B) ARB 

(002)-textured Zn foil. Detailed plating/stripping voltage profile of (002)-textured Zn 

foil after (C) 100 and (D) 200 cycles. 
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Following an established protocol in prior literature, we assembled Zn||Zn symmetric 

cells to assess the influence of built-in crystallographic features on the stability of 

electrochemical cycling (Fig. 85). A stringent cycling condition—a areal capacity of 4 

mAh/cm2 at a current density of 40 mA/cm2—is chosen to ensure the measurement is 

of direct practicality. Results show that the cell using commercial Zn electrodes shorts 

in the very initial cycles, evidenced by the square-wave potential profile without any 

plating/stripping signatures (Fig. 85A). The cell using (002)-textured Zn electrodes, in 

stark contrast, demonstrate stable plating/stripping behaviors under this stringent 

condition over hundreds of cycles (Fig. 85B~D). Of note is that the cell finally fails 

due to hydrogen evolution (HER), which is caused by the intrinsic chemical instability 

of the water-based electrolyte as evidenced by the increasing overpotential. This 

means no Zn deposit-induced instability, e.g. battery short, is observed. 

6.3 Conclusion 

In summary, report on using severe plastic deformation as an effective approach to 

eliminate the built-in crystallographic heterogeneity in metal electrodes in 

rechargeable batteries. As a proof of concept demonstration, we show that rolling can 

significantly increase the (002) basal texture of HCP Zn metal, from <10% in 

conventional foils to >90%. We further show that as the nominal reduction exceeds a 

critical value, the (002) texture of the Zn grains transition from the classical bipolar 

pattern to a unipolar pattern—a previously unexplored regime. The electrodeposition 

of Zn on the textured (002) electrode is dominated by compact, horizontal growth of 

the Zn plates, suggestive of a homoepitaxy process. This is in stark contrast to the 

porous, randomly-oriented growth of Zn plates on commercial Zn foil. Cell cycling 
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results show that the (002)-textured electrodes sustain hundreds of cycles under 

stringent testing conditions (e.g. 4 mAh/cm2 at 40 mA/cm2), whereas cells using 

commercial electrodes short in the initial cycles. The findings reported here open up 

new perspectives for developing next-generation metal anodes for rechargeable 

batteries. Rationally designed deformation process can be used to regulate the built-in 

crystallographic properties and the subsequent plating/stripping of metals of battery 

interest, e.g. Mg, Li, Na, K, etc. 
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Chapter 7. Chemical Kinetics of Reversible Electrodeposition at a 

Heterointerface  

 

Abstract: After extensive explorations during the 20th century, electrodeposition of 

metals re-gained enormous research interest in recent years. This is mainly motivated 

by the key role it plays in the development of next-generation rechargeable batteries. 

Considerable efforts have been made to understand the physiochemical mechanisms 

involved in metal electrodeposition. Among them, how the chemistry at the metal-

substrate heterointerface influences the deposition stands out as a critical but 

underexplored question. Conventional wisdom holds that a “stronger” chemical 

interaction between the metal deposits and the substate is favorable. This statement 

may be true for one-time deposition, but skepticism arises as one considers the 

reversible nature of the deposition/dissolution process occurring in batteries. We 

herein leverage the rich chemistries that can occur between the metals to assess the 

influence of the metal-substrate chemical kinetics on the plating/stripping behaviors of 

a metal of interest as rechargeable battery anodes. Based on our observations, a 

Sabatier-type of relation is revealed— a moderate strength of chemical interaction 

between the deposit and the substrate enables high plating/stripping reversibility and 

stability. We further report that a pseudo-capacitive current response in potential 

sweeps serves as an electrochemical signature of such optimal chemical interaction 

strength. This suggests that the metal-substrate chemical reaction is limited to a thin 

region near the interface. The design rules are translatable to produce immediate 

technological progress as demonstrated by the full battery tests. The cells with a 
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stringent N:P ratio of 3:1 claim a close to unity capacity retention over hundreds of 

deep cycles, which substantially outperforms conventional electrodes.   

 

[adapted from submitted work] 
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7.1 Introduction 

Controllably creating crystals at a heterointerface is a question of broad-based 

scientific interest.(307, 308) Among the routes towards this goal, electrochemical 

plating of metals is a group of reactions, in which metal cations in the liquid phase 

capture electrons at electrode surface and are thereby deposited in the elemental, solid 

form.(309) Given the versatility and the facile, low-cost nature of electroplating, it has 

established a pivotal role and remarkable market penetration in a myriad of branches 

of modern industry, e.g. metal finishing,(310) electro-winning,(311) trench 

filling,(312) etc. With the central goal being controlling the morphology of the 

deposited metal, enormous efforts have been made to understand the fundamental 

physiochemical processes involved in electroplating.(313) In the recent two decades, a 

revival of research interests in reversible metal electroplating emerged across multiple 

disciplinaries.(28, 87, 94, 167) Such renaissance is mainly driven by the quest for 

next-generation high-energy anodes in rechargeable battery systems. On the one hand, 

the argument for metal anodes is straightforward— it eliminates the mass and volume 

introduced by the host materials in the traditional rocking-chair configuration; on the 

other, it poses a challenge that remains unresolved— the morphology evolution in the 

repeated electro-deposition/dissolution needs to be regulated with unprecedented 

precision, otherwise it easily engenders battery failures, such as capacity fading and 

short circuit.(26) 

In response to the challenge of precisely regulating the electrodeposition morphology 

in battery anodes, a diversity of strategies has been proposed, including but not limited 

to electrolyte design, (89, 212) electrode architecture design,(24, 162, 314) surface 
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chemistry design(22, 167). In the latter two subgroups of strategies, metal is 

electrodeposited at a metal-substrate heterointerface upon battery recharge. The 

chemistry at such heterointerface has been leveraged in a considerable number of 

studies via chemical designs of the substrate to manipulate the growth of metal. The 

contemporary conventional wisdom in the field holds that a strong chemical 

binding/interaction between the substrate and the metal at the heterointerface improves 

the so-called “metal-philicity”,(79, 315) promotes a uniform nucleation landscape, and 

is therefore favorable in battery anodes. This argument is in general true in the 

scenario of one-time electrodeposition. However, doubts arise as one considers the 

fact that the metal needs to be not only deposited but also stripped away in a reversible 

manner at battery anodes over prolonged cycling, usually >103~104 times; such metal-

philicity inevitably creates additional energy barrier in the full stripping of the metal. 

The simple reasoning above suggests that there likely exists a “turning point” in the 

variation of metal plating/stripping reversibility over the strength of metal-philicity. 

These qualitative analyses constitute the main motivation of the present paper—

quantitative, mechanistic studies are clearly needed to reveal the relation between the 

chemical kinetics at the heterointerface and the reversible electro-plating/stripping 

behaviors. 
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Figure 86. Chemical interaction at a heterointerface in catalysis (left) or battery 

anode operation (right). 
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As illustrated in Fig. 86, the physiochemical process occurring in heterogeneous 

catalysis may serve as an analog to the scenario of reversible metal plating/stripping. 

Such analogy can be loosely established considering that in both processes, the 

material of interest will first adhere to and later depart from a heterointerface, 

constituting one cycle that is continuously repeated. In heterogeneous catalysis, the 

Sabatier principle qualitatively states that the highest catalytic activity is reached 

when the interaction between the molecules and the catalyst is at an optimal 

value,(316, 317) i.e. neither too weak nor too strong— which result in slow adsorption 

and slow desorption, respectively. In light of these statements, we hypothesize that a 

qualitative Sabatier principle-like rule may apply to the reversible plating/stripping of 

metal anodes in rechargeable batteries. A moderately strong chemical interaction 

between the substrate and the metal deposits at the heterointerface is needed both to 

promote uniformity and adhesivity of the metal in the plating, and to allow stable, 

complete and reversible dissolution of the metal in the stripping. On this basis, the 

primary aim of the present study is to test such hypothesis by mechanistically 

understanding the chemical kinetics at the metal-substrate heterointerface, and by 

semi-quantitatively correlating the interfacial kinetics with electrochemical 

plating/stripping behaviors. 

As the first step to evaluate the hypothesis as outlined above, we choose zinc metal 

plating/stripping in aqueous electrolyte as a model system. The rationale for choosing 

Zn metal is manifold but straightforward— Zn-based batteries are among the most 

actively pursued candidates for next-generation large-scale energy storage, e.g. for 

photovoltaics integration, endowing Zn metal anodes with profound immediate 
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interest beyond basic science research.(318, 319) More importantly, Zn metal has a 

moderate redox potential, in comparison with alkali-metals; it means that Zn does not 

suffer from continuous parasitic reactions as seriously as Li and Na do.(319) This trait 

allows us to minimize the complicating influence from the chemical instability of the 

metal itself (e.g. chemical galvanic corrosion (320)), but to focus on the effects from 

the chemical kinetics at the heterointerface on the plating/stripping behaviors. 

It is however less straightforward in creating a series of heterointerfaces that are of 

high quality, good uniformity, and tunable interaction strengths with Zn metal. One 

common method to tune the binding strength is to dope carbonaceous materials with 

heteroatoms.(167) We however note that  these carbon-based materials are associated 

with non-trivial geometries, e.g. anisotropic shape, high specific surface area, 

etc.,(321) which could play significant roles in electrodeposition;(22) therefore, they 

do not appropriately serve the purpose of deconvoluting and evaluating the 

contribution from interfacial chemical kinetics.  

7.2 Results and discussion 

Here, we instead leverage Zn’s known capability to form alloys with other metals 

upon electro-reduction as reported in a subgroup of early literature.(322, 323) These 

metals are commercially available in the shape of foil, which offers relatively well-

defined, planar geometry (see surface topology characterizations in Fig. 87). 

Particularly, given the rich chemistries achievable on metals that have different 

interaction strengths with Zn, it is possible to semi-quantitatively evaluates the role 

played by heterointerfacial chemical kinetics in electroplating/stripping.  



217 

 

Figure 87. Surface topology characterization of the metal substrates. 
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Figure 88. Cyclic voltammetry (CV) of Zn metal plating/stripping on substrates 

of different chemistries. CV scans within -0.3~+1.0V v.s. Zn2+/Zn on (A) stainless 

steel, Al and Ta; (C) Cu; (F) Ag; (I) Au. (B)(D)(G)(J) Enlarged plots showing the 

underpotential regime in a negative scan of these substrates, respectively. Plot of peak 

current density versus scan rate (ip~v1) of (E) Cu. Plots of peak current density versus 

square root of scan rate (ip~v1/2) of (H) Ag and (K) Au. 
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We first utilized cyclic voltammetry (CV) as a classical electroanalytical tool (324) to 

interrogate the nature of the electrochemical reactions occurring at a group of 

representative metal foils, namely stainless steel (SS), aluminum (Al), tantalum (Ta), 

copper (Cu), silver (Ag) and gold (Au). The metal substrate under evaluation is used 

as the working electrode, immersed in a conventional Zn battery electrolyte— 2M 

ZnSO4 (aq). As can be clearly seen in Fig. 88, the current-potential (i-V) responses of 

the metal substrates vary in a fundamentally different manner. On SS, Al and Ta, only 

the metal plating and stripping peaks are detectable. For example, in a negative scan, 

the response currents above 0V v.s. Zn2+/Zn are negligible, i.e. < 0.5 mA/cm2
 (Fig. 

88A~B), and standard Zn2+→Zn(s) reaction is detected as the potential enters the 

regime below 0V v.s. Zn2+/Zn. In stark contrast, response currents two orders of 

magnitude higher are observed on Cu, Ag and Au above 0V v.s. Zn2+/Zn (Fig. 

88C~I), in addition to the Zn plating current below 0V v.s. Zn2+/Zn. 

Clues to interpreting these i-V responses can be found in prior studies. The 

underpotential deposition behaviors of Zn on Cu, Ag and Au are attributable to 

spontaneous alloying between the metal substrate and the metal deposits.(325) The Zn 

alloys exhibit a lower free energy than elemental Zn, resulting in a smaller potential 

required to reduce Zn2+.(326) Further quantitative examination of the i-V responses of 

Cu, Ag and Au reveal the subtle but critical difference in alloying mechanism. We plot 

the peak current ip over a series of scan rates v in Fig. 88E, H and K. Ag and Au show 

an ip~v1/2 dependence, while Cu manifest a linear relation ip~v1. In light of these 

observable quantitative relations, Ag and Au undergo diffusion-controlled, bulk-

conversion-type alloying processes as described by Randles-Sevcik equation, whereas 
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the alloying between Cu-Zn shows a pseudo-capacitive nature. The pseudo-capacitive 

ip~v relation suggests that the reaction is limited to a surface region, as opposed to 

penetrating the bulk of the substrate.  

These arguments made based on electroanalytical analyses are corroborated by 

materials characterization. X-ray diffraction is used to directly capture the 

crystallographic transitions occurring on the substrates (Fig. 89). The results show that 

SS, Al and Ta remain chemically intact after Zn plating, not undergoing any detectable 

reaction with Zn metal. In contrast, diffraction patterns assigned to intermetallic 

compounds, i.e. ε-CuZn4, ε-AgZn3, AuZn3 + AuZn, are detected on Cu, Ag, Au, 

respectively. The significantly stronger alloy peaks (labelled by cross ✦) of Ag and 

Au than those of Cu means that the amounts of alloys formed on the former are 

substantially greater than the latter. This observation is consistent with the argument 

that Ag and Au undergo bulk conversion, but the reaction on Cu is limited to the 

surface. Taken together, this group of results shows that metal foils are able to offer 

the rich chemistries needed to interrogate how such heterointerface kinetics influence 

the plating/stripping behaviors of Zn. 
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Figure 89. X-ray diffraction characterization of the substrates after Zn 

plating/stripping cycling. Notations: ●Zn metal; ▼Substrates; ✦ Intermetallic 

phases. 
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Figure 90. Galvanostatic electrochemical deposition/dissolution behaviors of Zn 

on substrates of different chemistries. (A) Coulombic efficiency of Zn 

plating/stripping over cycling. (B) The voltage evolution in the nucleation regime. 

Representative plating/stripping voltage profiles of Zn plating/stripping on (C) 

stainless steel, (D) Al, (E) Ta, (F) Cu, (G) Ag, and (H) Au. The spiky nature of the 

stripping voltage profiles observed on SS, Al and Ta suggest the formation of 

“orphaned” Zn metal. Secondary voltage plateaus are observed on Cu, Ag and Au. 
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Fig. 90 reports the electrochemical galvanostatic plating/stripping behaviors of Zn on 

these metal foils, which is a well-established method to assess the performance of Zn 

when used as battery anodes. As can be clearly seen in Fig. 90A, the substrate 

chemistry imposes decisive influence on the plating/stripping cycling reversibility of 

Zn as quantified by the Coulombic efficiency (CE) = 
𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
× 100% . 

Among the observations that can be made based on Fig. 90A, two key ones are: (a) 

SS, Al and Ta show significantly broader distribution of CE values than Cu, Ag and 

Au, indicating unstable plating/stripping process; (b) while Cu, Ag and Au all show 

relatively narrow CE distributions, Au has a significantly lower CE value 

corresponding to low plating/stripping reversibility. As we will show soon in the 

following discussions, full interpretations of these two phenomena will provide 

important implications for revealing the Sabatier principle in metal plating/stripping. 

Clues to understanding the diverse plating/stripping behaviors on different metal 

substrates can be obtained by examining the voltage profiles of the plating/stripping 

cycles as shown in Fig. 90B~G. For SS, Al and Ta where broad CE distributions are 

seen, the stripping process consistently features spiky, erratic voltage evolution; in 

stark contrast, the voltage profiles of Zn stripping on Cu, Ag and Au are smooth and 

stable. The voltage profiles of SS, Al and Ta are suggestive of a process called 

“dead”/”orphaned” metal formation.(24, 25) In this process, the metallic, solid 

electrodeposits are physically disconnected from the current collector, becoming 

electrochemically inactive due to their inaccessibility to electrons from external 

circuit. This easiness for physical detachment is in analogy to that for chemical 

desorption when the intermediate-catalyst interaction is weak. 
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To experimentally verify this interpretation, we use optical microscopy to visualize the 

separator facing the heterointerface after plating/stripping cycling (Fig. 89). The 

results show that large amount of Zn metal electrodeposits on SS, Al and Ta become 

electrochemically inactive and stuck in the separator during repeated plating/stripping, 

while no dead Zn is observable on Cu and Ag substrates. On the separator facing Au 

substrate, the coarse, dark brownish powders are observed under optical microscope, 

which is identified as an intermetallic phase (AuZn) by X-ray diffraction (Fig. 91), as 

opposed to dead metallic Zn.  

We examined the details in the galvanostatic plating/stripping voltage profiles to 

assess any manifestation of the heterointerfacial chemical kinetics previously 

identified in the CV and XRD studies. The first observation is that nucleation 

overpotential are existent at the onset of Zn plating on SS, Ta and Al, but not on Cu, 

Ag and Au; instead, significant capacities above 0V v.s. Zn2+/Zn are detected that are 

attributable to the alloying reactions. Also noticeable is the presence of a secondary 

plateau in the stripping voltage profile. The secondary plateau corresponds to the 

dealloying process, which occurs after the stripping of elemental zinc. These identified 

signatures of the interfacial reaction are in good agreement with the CV results (Fig. 

88) and the XRD results (Fig. 89). 
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Figure 91. X-ray diffraction of brownish solids on the separator facing Au 

substrate. 
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Figure 92. Electrode morphology after Zn plating/stripping cycles. 
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To further assess the effectiveness of the interfacial chemistry on preventing metal 

orphaning, we measure the Zn plating/stripping CE on a Cu coated SS, fabricated by 

pre-depositing 0.1 mAh/cm2 Cu onto the SS substrate (Fig. 92). The result should be 

compared with Zn plating/stripping behaviors on planar SS (Fig. 90) and non-planar 

SS mesh that has a much greater roughness. 

Taking together these results, we conclude that chemical interaction at the 

heterointerface is necessary to effectively prevent the detachment of metal deposits, in 

analogy to the first half of the Sabatier principle— moderate chemical interaction is 

needed to promote adsorption of the molecules to the catalyst surface. We argue that 

the alloying-induced adhesion is comparable to the concept of “diffusion 

welding”.(313, 327) Unlike a conventional thermal- or pressure-driven diffusion 

welding process, the diffusion in this scenario is mainly driven by spontaneous 

chemical reactions. This is allowed due, in part, to the relatively low melting 

temperature of Zn— i.e. Tm=698K. At room temperature, Zn has a moderate 

homologous temperature 𝑇𝐻 =
𝑇

𝑇𝑚
= 0.4 , suggesting that interdiffusion of Zn is 

possible.(328) Based on the table, the diffusion welding mechanism is likely to play an 

even more important role for the alkali metal electrodes, and possibly some role for Al 

electrodes.  

Following this line of reasoning, one may naïvely think that a stronger alloying 

interaction would provide greater driving force for the interdiffusion, and further 

suppress the detachment of metal deposits. Motivated by this seemingly reasonable 

hypothesis, we now move on to interpret the second of the two key observations, i.e. 

the trend among Cu, Ag, Au— all of which show chemical interaction with Zn, but 
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quite different electrochemical performances. 

The capacity contributed by the secondary plateau in the stripping process may serve 

as a parameter for comparison across Cu, Ag and Au; 0.08, 0.23 and 0.49 mAh/cm2 

capacities (accounting for 10%, 25% and 70% of the total stripping capacity) are 

attributed to dealloying reaction of Zn from Cu, Ag and Au, respectively. 

Interestingly, the amount of this secondary capacity is negatively correlated to the 

reversibility (i.e. CE) and the cycle life achieved on the three substrates. This 

explicitly contradicts the conventional wisdom of a monotonic dependence of metal 

plating/stripping performance on the strength of the heterointerfacial chemical 

reaction. More insights can be obtained as one links these observations on 

galvanostatic plating/stripping to the results from CV and XRD discussed earlier. The 

significantly greater dealloying capacities of Ag and Au substrates are indicative of 

the bulk conversion, while the interaction between Zn and Cu is limited to the surface. 

This claim is further supported by SEM characterization of the surface topology of the 

cycled substrates (Fig. 92)— Cu remains almost intact, while Ag and Au develop into 

porous structures. The finding is consistent with the observation of  a considerable 

amount of pulverized AuZn intermetallic phase stuck in the separator (Fig. 91). This 

means that a strong chemical interaction will result in bulk phase transition, which 

pulverizes the substrate, causes incomplete dissolution of the deposited metal, and 

ultimately leads to battery failure. The extreme cases are demonstrated by Si, Sn, Ag 

and so forth when they are paired with Li metal.(329-331) A large initial irreversibility 

and quick capacity fading is consistently observed. The optimal case in the Zn system 

is exemplified by Cu, where the substrate offers a right, moderate degree of interaction 
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at the heterointerface with the metal deposits— neither too weak, which causes 

detachment of dead metal, nor too strong, which induces phase transitions penetrating 

the bulk. And, the pseudo-capacitive behavior in the underpotential regime (i.e. >0V 

v.s. Zn) of a negatively-polarized voltage sweep is a signature of such limited, 

interfacial chemical interaction that is favorable in reversible metal anodes of 

batteries. 
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Figure 93. The Sabatier principle for reversible metal deposition/dissolution at 

battery anodes. 
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Figure 94. Optical microscopy visualization of the separators facing the 

heterointerface of different substrate chemistries. Large quantities of dead Zn 

fragments are stuck in the glass fiber separator facing stainless steel, Ta and Al. 

Pulverized intermetallic fragments (AuZn) are observed on the separator facing Au. 
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In the original Sabatier principle for heterogeneous catalysis, formation enthalpy of 

the adsorbed species acts as a parameter to qualitatively evaluating the interaction 

strengths. A more negative enthalpy means more heat is released by the reaction, and 

therefore indicates a stronger interaction. Here, an obvious, phenomenological relation 

can be seen— the dependence of plating/stripping reversibility on the capacity 

contributed by the secondary reaction (Fig. 93). Both no secondary reaction and 

excessive secondary reaction are clearly unfavorable. We note that this 

phenomenological parameter of secondary capacity should be a reflection of the 

fundamental thermodynamic and kinetic parameters intrinsic to the chemistry.  

Motivated by this hypothesis, we observe a similar trend of electrochemical 

plating/stripping reversibility/stability over the variation of formation enthalpy of the 

intermetallic species (Fig. 93). Of note is that, Ta metal is a widely-known inert metal, 

which has been used to make crucibles to contain molten Zn; it is therefore assumed 

that the formation enthalpy of Ta-Zn intermetallics are positive owing to the lack of 

available thermodynamic data. Judging from the electrochemical performance in Fig. 

90 and the visualization in Fig. 94, the interaction between Ta and Zn is weaker than 

Cu-Zn but stronger than SS-Zn and Al-Zn. As semi-quantitatively shown in the plot, 

SS, Al and Ta have positive formation enthalpies with Zn; Cu, Ag and Au have 

negative formation enthalpies with Zn, but the value for Au is 4~5 times greater than 

Cu and Ag. This is in excellent agreement with the observed plating/stripping 

performance—Cu and Ag show much higher reversibility and stability than the metals 

on the left side (e.g. SS, Ta, Al) and the metals on the right side (e.g. Au). Viewed in a 

broader context, this framework can alternatively be used to comprehend the physical 



233 

 

interaction between the metal deposit and the substrate, e.g. epitaxial growth. Earlier 

studies report that Zn exhibit extremely stable, reversible plating/stripping on 

graphene substrate.(22) The adsorption energy of Zn onto graphene is -0.02 eV,(79) 

very close to the optimal values identified in the present work. 

To conclude this discussion, we would like to point out that, while the considerations 

based on energy (i.e. formation enthalpy) generate a fairly good prediction of the 

trend, the kinetic aspects—e.g. the solid state transport, the intrinsic chemical reaction 

rate, etc.— may be simultaneously playing nontrivial roles. Noting this, a general rule 

could still be established— a very negative formation enthalpy indicates a strong 

propensity of the system for undergoing bulk transition; this process pulverizes the 

substrate, which in turn accelerates the transport kinetics. A complete prediction may 

require detailed ab initio simulation to capture the kinetics step by step and the 

remaining aspects of the intermetallic phase formation, e.g. volume change, elasticity, 

etc. 
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Figure 95. Full battery demonstration under stringent conditions. (A) Cycling 

performance of Zn||NaV3O8 full cells. A certain amount of Zn metal is deposited on 

Cu or stainless steel and used as the anode. The areal capacity is ~0.7 mAh/cm2; the 

negative electrode to positive electrode capacity (N:P) ratio is 3:1. Charge-discharge 

voltage profiles of batteries using Zn deposited on (B) Cu and (C) stainless steel, 

respectively. 
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Finally, we note that, achieving highly stable and reversible Zn plating/stripping and 

leveraging it to advance the development of rechargeable batteries is of immediate 

interest to a broader community beyond basic science research. A close to unity (e.g. 

>99.7%) plating/stripping reversibility is required to build commercially relevant Zn 

battery systems. To fulfill this need, we assembled Zn full batteries by paring the Zn 

anode with a state-of-the-art vanadium-based cathode. As a proof of concept 

demonstration, we deposit a known amount of Zn metal onto Cu and SS, respectively, 

and harvest them as two representative Zn anodes for full battery evaluation. Of 

particular note here is that, we intentionally choose to use a stringent N:P ratio of 3:1; 

this should be compared to the conventional N:P values two orders of magnitude 

greater in general battery studies. The battery performance reported in Fig. 95 shows 

that the Zn on Cu anode manifests stable cycling over >250 cycles with a 92% 

capacity retention, which clearly outperforms the Zn on SS anode. More impressive is 

that the Zn on Cu electrode with a N:P ratio of 3:1 is no worse than commercial Zn 

foil with a N:P>100:1. This observation means that via manipulating the chemical 

kinetics at the heterointerface, only 1% of the originally needed Zn is required here to 

achieve a same level of battery performance.  

7.3 Conclusion 

In summary, the findings reported herein reveal the governing principle of metal 

electro-plating/stripping behaviors at a heterointerface. Analogous to the Sabatier 

principle for heterogeneous catalysis, the results show that a moderate interfacial 

chemical interaction strength between the metal and the substrate is favorable, which 

prevents the mechanical detachment of metal (i.e. dead metal formation), and avoids 
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excessive bulk phase transition pulverizing the substrate. A rule-of-thumb criterion is 

that the formation enthalpy of the intermetallic species formed should be slightly 

negative; this optimal value is roughly estimated to be around 0.04 eV/formula. Such 

favorable moderate interaction is characterized by a pseudo-capacitive behavior in 

voltage sweep experiments. We further show that this knowledge can be easily 

translated to guide the design of advanced battery anodes with much less metal pre-

storage at the anode but excellent electrochemical performance. 
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Chapter 8. Regulating electrodeposition morphology in a battery 

anode using interfacial metal-substrate bonding 

 

Abstract: Aluminum is the third most abundant element and most abundant metal in 

the earth’s crust. Electrochemical cells using metallic Al as the negative electrode are 

of interest for their potential low cost, intrinsic safety and sustainability. Presently 

such cells are considered impractical because the reversibility of the metal anode is 

poor and the amount of charge stored is miniscule, both in comparison to what is 

theoretically possible with Al and with reference to state-of-the art Li-ion battery 

chemistries. Here we report that electrodes designed to promote strong chemical 

bonding between metal deposits and an electron conducting substrate enable fine 

control of Al electrodeposit morphology and provide exceptional reversibility 

(99.6%~99.8%). The reversibility is sustained over unusually long cycling times 

(>3600 hours) for an Al anode and at areal capacities up to two orders of magnitude 

higher than previously reported values. We show that these traits result from 

elimination of fragile electron (e-) transport pathways and aggressive, non-planar 

deposition of Al via specific metal-substrate chemical bonding. Using zinc metal 

anodes as a second example, we illustrate the generality of the concept by creating 

highly reversible Zn anodes based on similar anode design rules. 

 

[adapted from submitted work] 
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8.1 Introduction 

Creating conformal metal coatings through electrochemical methods is important in 

multiple fields, including semiconductor manufacturing (332), energy storage (241), 

metal plating (333), etc. Although the governing chemistry is in principle simple— 

solvated metal cations in a typically liquid electrolyte capture electrons from an 

electrically conductive substrate, and are thereby reduced into solid metallic form, e.g. 

M𝑛+(sol. ) +  n𝑒− → M(s) , the control over metal electrodeposition morphology 

remains challenging (87, 241). The search for fundamental solutions has recently re-

emerged as an area of scientific and technological interest because of the role stable 

electrodeposition of metals in closed electrochemical cells play in the stability and 

safety of rechargeable batteries that utilize metal anodes, e.g. Al, Li, Zn, etc., for 

achieving higher energy and low cost storage of electrical energy.  

The working principle of such electrochemical cells is as follows: reversible plating 

and stripping of metal at the anode enables reversible electrochemical storage and 

release of electrical energy. In practice, however, repeated formation and dissolution 

of the solid, metallic phase is confounded by multiple problems—including the 

tendency of metal deposits created in one plating cycle to only partially dissolve in the 

next; the propensity of the metal deposit fragments to quickly lose conformality with 

the substrate and to grow into non-planar mossy/dendritic structures (334); and the 

potential for the non-planar deposits to bridge the inter-electrode space to either short-

circuit the cell or break-away entirely from the substrate to form electrically 

disconnected metal (25). All of these processes are obviously fatal for stable long-term 

operation of an electrochemical cell, but ohmic heat generated by shorting poses added 
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safety concerns associated with thermal runaway in a closed system containing 

flammable electrolyte (26). 

In theory, metal anodes that take advantage of micro/nanopatterned conductive 

substrates designed to guarantee full access to electron and ion transport pathways 

throughout the plating and stripping processes can surmount all of these challenges by 

enabling complete reversibility of the anode and full material utilization (24, 335). In 

conventional battery configurations, ion transport occurs via interfacial contact 

between solid metal deposits and liquid electrolyte, meaning that control of the 

electrolyte volume and interface chemistry are sufficient to ensure full ionic access. In 

contrast, electron transport relies solely on physical, solid-solid contact between metal 

deposits and a conductive substrate. The hypothesis that guides the current study is 

that the fragility of the electron transport pathways via these solid-solid contacts is the 

fundamental barrier to fully reversible metal electrodeposition processes (Fig. 96) (25, 

334).   
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Figure 96. Schematic diagram illustrating the ion/electron transport in metal 

stripping. (a) In the stripping process of porous metal deposits, electron transport 

pathway is blocked owing to the detachment and the fragmentation of metal deposits, 

leading to the formation of “dead” metal. (b) In the stripping of regulated, compact 

metal deposits, electron transport is sustained. L denotes electron transport length 

scale of the stripping process. 
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Figure 97. Illustration showing the concept of metal-substrate bonding-induced 

regulation of electrodeposition. The figure illustrates how strong surface bonding 

between Al and a conductive fibrillar substrate facilitates electronic transport and 

influences morphological evolution of the Al anode. 
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We investigate electrodeposition of metals in patterned substrates designed to strongly 

coordinate with the metal deposit (Fig. 97). Hypothetically, strong metal-substrate 

bonding can increase the driving force for nucleation, facilitating formation of a 

uniform distribution of small metal nuclei. Strong metal-substrate bonding would also 

facilitate continuous access to the electronic circuitry of a patterned or non-planar 

electrode during early stage growth. The uniformly distributed nuclei would also guide 

compact, uniform metal deposition, producing deposits with controlled thickness, L 

during the growth phase. The straightforward effect of such control is that the electron 

transport time scale, 𝝉~ 𝑳𝟐

𝑫⁄ , which sets the effective exchange current density at the 

electrode can be readily manipulated. Here 1/D is the electron mobility (335). We 

note that a substantial body of earlier work has shown that while electrodeposition of 

metals such as Cu in patterned trenches for integrated circuits (332, 336) or Li and Na 

in three-dimensional metal or carbon foams (24, 334) does constrain the size of the 

electrodeposits, the transport length L and therefore 𝜏 are broadly distributed, as the 

metal is free to deposit in coarse, non-planar morphologies (24). We hypothesize that 

the presence of strong metal-substrate bonding provides a mechanism for narrowing 

the distribution to produce compact deposits, allowing us to control 𝜏 and thereby 

maintain high reversibility. In the context of a patterned substrate, the metal-substrate 

bonding can therefore be thought to serve as a chemical potential driving force that 

promotes uniform nucleation and growth of metal electrodeposits everywhere on the 

substrate; allowing L to be decoupled from complications associated with 

electrokinetic transport processes in a patterned electrode.  

To evaluate our hypotheses, we chose Al as a model metallic anode system for in-
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depth study. The rationale for this choice is severalfold — intrinsically safe, low cost 

and energy dense Al batteries are considered prospective alternatives to Li-ion 

batteries (see also Table 7) (337), particularly in applications such as backup storage 

for electric power generation from intermittent, renewable sources, where cost and 

scalability are critical. Additionally, the reversible plating/stripping of Al was 

demonstrated quite recently in 2011 (262), which has motivated a strong revival of 

research interest into Al metal anodes for rechargeable batteries. As a final point, we 

note that innovations in the design of reversible cathode materials compatible with Al 

metal anodes have produced batteries of exceptional promise (240), albeit at 

impractically low areal specific capacities (0.01~0.18 mAh/cm2), i.e. nearly two orders 

of magnitude lower than that of state-of-the-art Li-ion batteries (1~3 mAh/cm2) (see 

Table 8).  
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Table 7. A summary of the abundance, volumetric specific capacity and 

gravimetric capacity of representative anode metals (338-340).  

Energy density is calculated according to electrochemical potential versus standard 

hydrogen electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anode 

metal 

Abundance 

(ppm) 

Volumetric 

capacity 

(mAh/mL) 

Gravimetric 

capacity 

(mAh/g) 

Volumetric 

energy 

density 

(Wh/L) 

Gravimetric 

energy 

density 

(Wh/kg) 

Al 83186 8046 2980 13350 4768 

Na 22909 1181 1166 3188 3148 

Zn 79 5846 820 4442 623 

Li 13 2093 3862 6362 11740 

Graphite N/A 790 300 2212 840 
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Table 8. Anode metal plating/stripping throughput per cycle for Al-ion 

electrochemical cells using commercial Al foil anodes. A single layer of a glass 

fiber filter is used as the separator. † Pouch cell is used; # coin cell is used. 

 

 

Reference Year Areal Capacity (mAh/cm2) Life Time (hr) 

(240)† 2015 0.10* 240 

(341)# 2015 0.14-0.42 500 

(342)† 2016 0.15 200 

(343)† 2016 0.08 120 

(344)† 2017 0.12 600 

(345)† 2018 0.008-0.08 200 

(346)† 2019 0.0675 150 

(347)# 2019 0.03~0.08 600 

This work# N/A up to 8 >3600 

Li battery(257) N/A >1 >1000 
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The areal electrode specific capacity is an important battery parameter for a variety of 

reasons. First, it specifies the amount (thickness) of metal that is plated and stripped 

during battery operation, which is directly related to the formation of mossy/dendritic 

structures that are long enough to bridge the inter-electrode space and short the cell. It 

also determines the amount of energy stored per unit area (after multiplying by the 

operating voltage). A low areal capacity is therefore disadvantageous for both 

fundamental and practical reasons. Fundamentally, it means that the intrinsic anode 

failure modes discussed above might be obscured by an inter-electrode spacing that is 

too large. From an applications perspective, a low areal capacity leads to a lower 

overall cell energy density, and elevated cost per unit of energy stored (230, 257). The 

operating lifetime of Al cells is also limited (approximately 300 hours), which is far 

too low, in comparison to Li-ion cells (at least 1000 hours) to motivate practical 

interest. Rechargeable batteries based on patterned Al anodes regulated by metal-

substrate bonding therefore provide multiple opportunities for substantial progress. 
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Figure 98. Plating/stripping behavior of Al metal on inert, planar stainless steel. 

Voltage profiles of Al plating/stripping: (a) 0.8 mAh, 4mA/cm2; and (b) 8.0 mAh, 1.6 

mAh/cm2. The cells get shorted after a very limited cycling, i.e. <20 hours. The event 

of battery shorting is evidenced by the sudden voltage drop in plating/stripping as the 

metal penetrates the separator and physically bridges the two electrodes, resulting in a 

small cell resistance. 
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Figure 99. The propensity of Al anodes to exhibit heterogeneous growth on 

conventional substrates. (a) Coulombic efficiency measured in Al plating/stripping 

reactions at a capacity of 3.2 mAh/cm2. Notice that 2 layers of a glass fiber (GF) 

separator were needed to prevent shorting. (b) SEM analysis of Al electrodeposits 

formed on a planar electrode at 4 mA/cm2 and for a capacity of 0.8 mAh/cm2. 

Elemental maps from EDS analysis of the electrode surface (right). (c) Scheme 

illustrating the mechanisms through which aggressive, heterogeneous Al 

electrodeposition occurs and how the deposition causes battery short circuiting and 

low plating/stripping reversibility. Higher areal deposition capacity and accumulation 

of “dead” metal in the GF membrane over multiple plate-strip cycles result in 

aggressive metal growth and proliferation of non-planar metal deposits in the 

interelectrode space. GF and SS stand for glass fiber separator and inert stainless-steel 

electrode, respectively. (d) SEM image of Al electrodeposits formed on a non-planar 

nickel foam electrode at a rate of 4 mA/cm2 and capacity 1.0 mAh/cm2. The 

corresponding EDS mapping results are shown to the right.   
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Figure 100. Plating/stripping behavior of Al metal on inert, planar stainless steel 

(2 layers of GF are used). The red cross indicates the event of battery shorting, as 

evidenced by a sudden voltage drop and an endless charging process. In addition to the 

low CE values and the rapid battery short discussed in the main text, the slopy 

stripping voltage curve indicates the large and ever-growing resistance associated with 

the dissolution process of the Al metal deposits. This behavior is indicative of the non-

planar nature of and the uncontrolled electron transport in the metal deposits. 
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Figure 101. Anode capacity retention under certain plating/stripping CE 

conditions with a N:P ratio of (a) 1:1 and (b) 3:1. In the case of n:p=1:1 (also 

referred to as “anode free”), to achieve a capacity retention of 80% over 100 cycles, a 

99.8% metal plating/stripping CE is required. In the case of n:p=3:1 (i.e. extra Al is 

prestored in the battery), a 99.5% CE is required to achieve an 80% capacity retention 

over 250 cycles. 
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8.2 Results and discussions 

We assessed the performance of metallic Al anodes at elevated areal capacities (0.8 ~ 

8 mAh/cm2) by reversibly plating and stripping Al metal on a conventional, planar 

stainless-steel substrate. Surprisingly, the electrochemical cells quickly (<20 hours) 

fail by short-circuiting processes at these capacities (Fig. 98) (348). To evaluate the 

plating/stripping reversibility of Al at practical areal capacities —without disruptions 

due to battery shorting — we followed a reported practice and intentionally placed 

multiple layers of separator in the inter-electrode space (240). The plating/stripping 

reversibility (i.e. Coulombic Efficiency, CE) is thereby measured to be approximately 

85%, meaning that 15% of Al deposits are irreversibly lost in each cycle (Fig. 99a, 

voltage profile in Fig. 100). As depicted in Fig. 101, a practical Al anode would 

require a CE of 99%, preferably above 99.5%. We note also that even with multiple 

separators, the 3.2 mAh/cm2 cell fails after only ~60 hr. Together, (a) the rapid battery 

short and (b) the low plating/stripping reversibility, at elevated areal capacities impose 

fundamental, pressing challenges for practical Al batteries. 

To diagnose the underlying problems of the Al metal anode, we performed scanning 

electron microscopy (SEM) to characterize the electrodeposit morphology. SEM 

results in Fig. 99b show that the Al deposits exhibit a heterogeneous, non-planar 

morphology. The Al deposits are as large as 20~50 μm, sparsely distributed on the 

substrate, and isolated from each other. This leads to large and broadly distributed L 

and 𝜏 values, which would in turn produce sluggish, incomplete metal stripping. As 

illustrated in Fig. 99c, this is precisely what is observed. The low plating/stripping 

efficiency and the battery shorting in Al anodes are therefore concluded to be 



252 

 

consequences of the localized, aggressive growth of the Al electrodeposits normal to 

the substrate plane. We here follow the literature and loosely refer to the non-planar Al 

electrodeposit grow as dendritic but will shortly show that it is unusually aggressive 

and possesses previously unreported characteristics that appear to arise from the strong 

affinity of Al for the separator. 

The origin of aggressive non-planar growth of metals during electrodeposition 

processes is complicated and, depending on the metal and measurement current 

density relative to the diffusion limiting current density, multiple mechanisms have 

been proposed —  intrinsic crystal anisotropy (300), uneven solid-electrolyte 

interphase driving heterogeneous growth (87), heterogeneity of the substrate surface 

producing concentration of electric field lines and “hot spots” for growth (298), mass 

transport limited growth (54), etc. In some cases, multiple modes of non-planar growth 

may work in a concerted manner. The speed with which our Al electrodes fail by 

short-circuiting — even at conventional electrode areal capacities — exceeds typical 

values for Li anodes (257), implying that the materials physics that control the non-

planar electrodeposition of Al are quite different. It also explains the rather low areal 

capacity limits explored in previous studies. We note further that whereas deposition 

of Li in a three-dimensional porous material such as a nickel foam can substantially 

extend the time-to-failure due to short-circuiting (349), deposition of Al in a nickel 

foam substrate (Fig. 99d) has at most a negligible impact on the deposition 

morphology. Consequently, using nickel foam as anode substrate exhibits a rather 

limited improvement on the electrochemical performance (Fig. 102). The first clues to 

understanding the aggressive non-planar deposition of Al is that glass fiber (SiO2) 



253 

 

membranes, rather than organic polymers are used as the separator. This choice stems 

from the fact that typical polyolefin separators are chemically unstable in the 

imidazolium chloride + AlCl3 electrolyte melt. Early literature reports show that there 

is a possibility for strong chemical affinity between metallic Al and SiO2 via an 

interfacial reaction: 4Al + 3SiO2 → 2Al2O3 + 3Si (350, 351), implying that in 

addition to the other factors that may drive nonplanar metal electrodeposition, a 

chemical driving force favors growth of Al electrodeposits into the separator. This 

growth mode was confirmed using SEM and EDS analysis on either a stainless steel or 

a nickel foam substrate (Fig. 103~104), explaining the speed with which Al is able to 

short-circuit cells even when multiple layers of separator membranes are used or when 

the deposition is performed using a nickel foam substrate.  
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Figure 102. Electrochemical plating/stripping behavior of Al metal on nonplanar 

nickel foam substrate. (a) Coulombic efficiency obtained at 0.8 mAh, 4mA/cm2. 

Voltage profiles of Al plating/stripping: (b) 0.8 mAh, 4mA/cm2; (c) 3.2 mAh, 1.6 

mAh/cm2 and (d) 8.0 mAh, 1.6 mAh/cm2. The results mean that the improvement 

made by using a nonplanar, inert architecture is very limited, particularly at practical 

capacities, i.e. 3.2 and 8 mAh/cm2. 
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Figure 103. Microstructural characterization of Al growth in the presence of 

glass fiber separator. (a) SEM and (b)~(d) corresponding EDS mapping. The 

substrate is stainless steel foil. The result shows that Al has a strong propensity for 

growing along the glass fibers, forming Al deposits closed attached to the glass fibers. 

Deposition capacity: 1 mAh/cm2. 
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Figure 104. Cross-section Microstructural characterization of Al growth in the 

presence of glass fiber separator. (a)~(b) SEM images and (c) corresponding EDS 

mapping. The substrate is nickel foam. The result shows that Al has a strong tendency 

to grow into the glass fibers. Deposition capacity: 1 mAh/cm2. 
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This discovery poses a perhaps obvious question: could the propensity of Al to grow 

into the separator be countered by creating metal-substrate bonding that is strong 

enough to chemically usher Al into a patterned substrate? This question can be 

theoretically reasoned by an analysis of the nucleation process in electrodeposition, 

which plays a pivotal role in determining the size, uniformity and distribution of 

electrodeposits (298). Upon the application of voltage, the initial process is the 

desolvation of the coordinated species in the electrolyte as they approach the 

negatively charged electrode surface (23). In this desolvation process, the metal-

containing species are converted into a cationic form by losing the coordinating 

ions/molecules. The subsequent step is the electrochemical adsorption of the species: 

𝑀𝑛+ +  𝑛𝑒− + ∗ → M∗, where * refers to the adsorption site and M* to the adsorbed 

metal. This reaction can be dissociated into two steps: (a) electrochemical reduction of 

the metal: 𝑀𝑛+ +  𝑛𝑒− → 𝑀(𝑓𝑟𝑒𝑒), and (b) binding with the substrate: 𝑀(𝑓𝑟𝑒𝑒) + ∗ →

M∗, which directly depends on the interaction between the metal and the substrate; the 

nucleation overpotential is determined by the free energy change ΔG of the latter 

(352). Classical nucleation theory would then imply that strong metal-substrate 

bonding results in smaller critical nucleate size, rc= -2 γ/ ΔG, where  is the energy 

penalty for creating unit area of the metal surface and ΔG is the Gibbs free energy 

associated with formation of the condensed metal phase during the earliest stages of 

nucleation. 

Implementation of this concept in a battery anode is not straightforward, because the 

nucleation occurs on an electronically conducting substrate, meaning it is never 
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strictly homogeneous. As discussed earlier, the formed metal nuclei may also make 

strong bonds with either the separator, substrate, or both, which will affect their shape.  

Additionally, to achieve high electrode reversibility, the geometrical and chemical 

integrity of the substrate must remain intact over repeated cycles of metal 

plating/stripping. On this basis, a screening framework for promising substrate 

material is proposed as follows: the substrate should be electrically conductive, 

mechanically robust and capable of forming interfacial metal-substrate bonding. It is 

important that the chemical reaction between the substrate and the metal is limited 

within the interface, rather than penetrates the bulk. A bulk reaction, owing to the 

crystallographic and volume changes associated, inevitably gives rise to 

morphological instabilities of the substrate over cycling.  
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Figure 105. SEM images of bare interwoven carbon fibers. The individual fibers 

have a round cross section with a diameter of 7.5 μm. 
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Figure 106. Raman spectrum of interwoven carbon fibers. The ID/IG ratio is 1.9:1, 

which indicates a high concentration of defects containing sp3.  
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Figure 107. XPS spectrum of interwoven carbon fibers. (a) pristine, (b) after 

exposure to IL+AlCl3 electrolyte, (c) after exposure to dimethyl carbonate as a 

negative control. Peak assignments: 284.8 eV (C-C, C-H), 286 eV (C-O), 287.5 - 288 

eV (C=O, O-C-O), 289 eV (O=C-O). The intensities at 286 and 287.5~288 eV suggest 

that the exposure to IL+AlCl3 significantly increases the level of oxygen enrichment 

on carbon fibers. 
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In screening for potential substrate materials, free-standing interwoven carbon fibers 

(SEM in Fig. 105) are singled out because previous studies show that these materials 

form multiple types of interfacial covalent bonds, including Al-C, Al-O-C, etc. with 

Al metal during electroplating (353, 354). The calculated binding energy of Al-O-C is 

as high as -10.39 eV (353), meaning that the driving force for Al to grow on the 

substrate surface is rather large. This characteristic was previously utilized to 

electroplate a uniform Al pre-coating layer on carbon, which improved the Al/C 

wettability in subsequent metallurgical manufacturing of Al/C composite materials 

(353). This carbon-based material is of specific interest here also because the bonding 

occurs via interfacial interaction at oxygen-enriched defective sites on the surface 

rather than bulk phase transition. Of note is that, the Raman spectrum of the 

interwoven carbon fibers shows both the D band and G band (Fig. 106). It means that 

the carbon contains a considerable amount of defects, which reportedly promotes the 

bonding with Al (353). XPS characterization (Fig. 107) shows that exposure of carbon 

fibers to the imidazolium + AlCl3 electrolyte significantly increases the level of 

oxygen enrichment without altering the microstructure of the substrate. On these 

bases, in a nonplanar architecture made of interwoven carbon fibers, the possible 

chemical metal-substrate bonding between C and Al mediated by oxygen is then 

hypothetically able to promote uniform Al growth on individual carbon fibers (Fig. 

97), as opposed to the macroscopic outer surface of the architecture as shown in Fig. 

99d.  
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Figure 108. Microstructure of Al metal deposits formed on a substrate with 

strong metal-substrate bonding. SEM analysis of Al deposit morphology at varying 

areal capacity: (a) 0.2, (c) 1, (d) 3, (e) 3, (f) 4 mAh/cm2. EDS mapping is reported in 

the inset of panel e. (b) Particle size distribution at 0.2 mAh/cm2. (g) 2D-XRD pattern 

of Al deposits; and (h) corresponding integrated XRD line scan for the material in (g). 
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Figure 109. EDS mapping results of Al deposition on carbon fiber. (a)~(d) 0.2 

mAh/cm2, (e)~(h) 1 mAh/cm2. (a)(e) secondary electron images. (b)(f) aluminum 

mapping. (c)(g) carbon mapping. (d)(h) chlorine mapping. 
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Figure 110. SEM characterization of the thickness and the back side of the Al 

deposition layer. To further investigate the microstructure of the Al deposition layer, 

we mechanically broke the layer during sample preparation. The SEM images show 

that the layer thickness is ~160 nm, and the back side exhibit a compact morphology, 

mimicking the surface pattern of the carbon fiber. 
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Figure 111. SEM images of Al deposition on carbon fibers showing the 

morphological uniformity across a large area. 
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Figure 112. SEM images of Al electrodeposits after thermal annealing at 60℃ 

for 12 hours on (a) stainless steel and (b) carbon fibers. Deposition capacity: 1 

mAh/cm2. The morphologies before and after the thermal annealing process show 

negligible difference. This means that surface diffusion is not the prominent factor in 

determining Al’s electrodeposition morphology. The results are in support of the 

proposed guideline that a strong metal-substrate bonding is able to ensure the initial 

uniform nucleation and growth. 
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Fig. 108 reports the main results of the present study. The Al metal electrodeposition 

morphology on interwoven carbon fibers is investigated using SEM. In stark contrast 

to the Al deposited on planar stainless steel and on nonplanar nickel foam, where 

deposit sizes are quite variable with average values of L on the order tens of microns, 

the Al electrodeposits in on carbon fiber surface with L are typically in the range of 

100~200 nanometers in the nucleation stage (Fig. 108a~b); meaning that for a fixed 

D,  could be reduced by a factor of 10,000 or more. As the deposition capacity 

increases, the nanoscale Al crystals grow laterally (Fig. 108c~e, supplementary EDS 

in Fig. 109), i.e. expand along the carbon surface, generating a conformal Al coating 

layer (L≈160 nm thick, Fig. 110) that appear to strictly follow the surface curvature 

(Fig. 108d). Fig. 110 also shows the morphology of the Al deposit layer facing the 

carbon fiber— nanoscale Al grains are seen to merge into a compact layer. The Al 

deposition morphology is highly uniform across a macroscopic area as shown in Fig. 

111, without any observable aggressive/dendritic growth. Microstructural 

characterization of the morphology after thermal annealing shows that surface 

diffusion is not an as effective mechanism for smoothing the Al electrodeposits (Fig. 

112); rather, the initial uniform nucleation promoted by metal-substrate bonding is 

playing a dominant role. These results confirm that the strong metal-substrate bonding 

is able to (a) guide a metal electrodeposition precisely using the surface topography of 

a strongly interacting non-planar architecture; and (b) promote the uniform nanoscale 

nucleation and lateral growth of metal deposits to create compact film. 
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Figure 113. SEM characterization of Al deposition on carbon fibers at an areal 

capacity of 8 mAh/cm2. 
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Figure 114. SEM characterization of Al deposition on carbon fibers coated by a 

passivating interphase. Deposition capacity: 0.2 mAh/cm2. Preparation of the 

passivating coating: Electrochemical cells made of lithium||carbon fibers were 

assembled. The electrolyte was 1 M LiPF6 in ethylene carbonate/ dimethyl carbonate. 

The carbon fiber electrode was held as 20 mV versus Li+/Li for 1 hour. In this process, 

an SEI was formed owing to the decomposition of the electrolyte. Afterwards, the 

carbon fiber electrode was held at 1.5 V versus Li+/Li until the current drops to <10-7 

mA/cm2 to fully delithiate the material. Al electrodeposition was carried out on the 

carbon fibers prepared according to the procedure specified above. 
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Figure 115. SEM images and EDS mapping of Al deposition morphology 

obtained at different nucleation overpotentials. 
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We increased the deposition capacity beyond 3 mAh/cm2 and observed that the growth 

of Al enters a second stage (Fig. 97): growth of microscale Al crystals on the compact 

nanoscale Al layer (Fig. 108f). X-ray diffraction in Fig. 108g~h verifies that only Al 

crystals are present on the carbon substrate fibers. The microscale Al deposits 

gradually fill the space among the carbon fibers (morphology at 8 mAh/cm2 shown in 

Fig. 113). The microscale Al deposits are intimately connected to the compact 

nanoscale Al layer and to each other. This observation confirms that the metal-

substrate bonding has a decisive influence on the Al deposition morphology. After the 

substrate surface is fully occupied by the compact nanoscale Al layer, the newly 

deposited Al crystals resume the intrinsic growth mode at the micron scale. As a more 

direct control experiment, we artificially pre-coated the carbon fibers with an 

interphase that blocks the possible Al-O-C bonding, and evaluated Al 

electrodeposition morphology on this “deactivated” carbon fiber matrix (Fig. 114). 

The SEM characterization shows that the Al deposition is no longer uniform over the 

surface of carbon fibers. This negative control experiment validates our hypothesis 

that oxygen-enriched surface chemistry is playing an indispensable role in realizing 

the control over deposition morphology. Moreover, we devised a group of physical 

simulation experiments to more quantitatively understand the role played by a large 

driving force at the nucleation stage and its impact on the ultimate deposition 

morphology (Fig. 115). It is shown that with a nucleation driven by a large 

overpotential of 2V, uniform Al growth is achieved at the subsequent stage of 

deposition under conventional constant current conditions. This set of results confirms 

that a large driving force imposed in the initial nucleation process serves as a 
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determinant factor in achieving uniform Al deposition. 

To more thoroughly interrogate the nature of the metal-substrate bonding, we 

performed X-ray photo electron spectroscopy. Fig. 116a~c shows the XPS results of 

the as-deposited sample (3 mAh/cm2), which are consistent with the conclusion that no 

possible metal-substrate bonding is detected on the surface. This observation is 

expected since the substrate architecture is fully covered by the compact deposition 

layer, meaning that the metal-substrate interface is not exposed. Fig. 116d~f shows the 

XPS results of the sample after Ar+ sputtering, during which the material on the 

sample surface is etched away. In this case, obvious new peaks emerge (C 1s: 283.5 

eV; Al 2p: 74.7~74.9 eV; O: 531.9 eV), which are ascribed to Al-O-C bonding. XPS 

peak assignments are tabulated in Table 9. The observation is consistent with previous 

work (353). The metal-substrate bonding is also evidently mediated by the surface 

oxidation species of the carbon. In contrast, XPS measurements of Al electrodeposits 

on control substrates suggest that the Al-O-C bonding and other metal-substrate 

bonding do not exist on stainless steel and nickel foam (Fig. 117). 
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Figure 116. XPS characterization of the metal-substrate interaction. (a) C 1s, (b) 

Al 2p, (c) O 1s spectra of Al samples in carbon fiber electrodes, as-deposited state 

(upper panels) and sputtered state (lower panels). The peaks corresponding to the Al-

O-C bond are indicated in the plots. Upon sputtering, surface materials are removed 

from the sample by the incident Ar+ ion beam. Peak assignments are tabulated in 

Table 9. 
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Table 9. C 1s, O 1s, and Al 2p XPS peak assignments for as deposited Al on C 

fiber and deposited Al on C fiber after 45 min. of Ar+ ion sputtering. The C1s 

spectra for the as deposited Al on carbon fiber sample shows peaks assigned to C-C 

and C-H (284.8 eV), C-O (286.3 eV), O-C-O and C=O (287.5 eV), and O=C-O (289.6 

eV) bonds(355-357) on the surface of the carbon fiber, suggesting oxidized surface 

character.(358, 359) The O 1s shows a broad peak centered at 533.1 eV assigned to 

overlapping C-O type bonds(360), while the Al 2p peak at 75.6 eV is assigned to 

AlCl3 from residual electrolyte salt on the sample.(361) After Ar+ ion sputtering, a 

new peak at lower binding energy (283.5 eV) is observed in the C 1s spectra and is 

assigned to Al-O-C.(362-367) Related peaks in the O 1s spectra (531.9 eV) and Al 2p 

sepctra (74.8 eV) corresponding to the Al-O-C species are also observed.(362, 364, 

367) A third distinct peak in the Al 2p spectra at 72.5 eV, attributed to Al-Al bonding, 

is also present.(368, 369)   

 

 

Sample 

As deposited Al on C 

fiber 

 

After 45 min. Ar+ ion sputtering 

XPS Fit 

BE (FWHM) area (rel. 

%) 

 

BE (FWHM) area  Chemistry 

C 1s    283.5 (1.73) 1.5 x 104 (55) Al-O-C 

  284.8 (1.65) 9.2 x 103 (40)  284.8 (1.73) 6.7 x 103 (23) C-C, C-H 

  286.3 (1.65) 7.6 x 103 (33)  286.1 (1.73) 3.9 x 103 (14) C-O   

  287.5 (1.65) 5.2 x 103 (23)  287.6 (1.73) 1.6 x 103 (6) O-C-O, C=O 

  289.6 (1.65) 8.5 x 102 (4)  289.5 (1.73) 7.3 x 102 (3) O=C-O 

O 1s    531.9 (2.62) 4.5 x 104 (78) Al-O-C 

  

533.1 (2.70) 3.2 x 104 

(100) 

 

533.4 (2.90) 1.3 x 104 (22) C-O, C=O   

Al 2p    72.5 (1.6) 7.2 x 102 (9) Al-Al 

     74.8 (1.84) 2.5 x 103 (32) Al-O-C 

  75.6 (2.03) 3.5 x 103 (100)  75.7 (2.11) 4.5 x 103 (59) Al-Cl 
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Figure 117. XPS spectrum of Al electrodeposits on carbon fibers, stainless steel 

and nickel foam. (a) C 1s spectra; (b) O 1s spectra; (c) Al 2p spectra. After sputtering, 

the Al-O-C bonding was observed on samples where Al were deposited on carbon 

fibers. In other samples, no significant metal-substrate covalent bonding is observable. 
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Figure 118. Electrochemical cycling behavior of structured Al electrodes in 

galvanostatic plating/stripping experiments. Al plating/stripping efficiency 

measured at areal capacities of: (a) 0.8 (b) 3.2 and (c) 8 mAh/cm2. (d) Voltage profiles 

measured during Al plating/stripping at a very high areal capacity of 8 mAh/cm2. The 

current densities used for the respective measurements are: (a) 4 mA/cm2; and (b) & 

(c) 1.6 mA/cm2. 
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Figure 119. SEM characterization of the stripping morphology of Al on carbon 

fibers. 0.8 mAh/cm2 Al was deposited on carbon fibers using 4 mA/cm2 and then 

stripped away. The results are consistent with the electrochemically measured 

plating/stripping CE, suggesting the full, reversibly Al plate/strip. In addition, no 

morphological damage of carbon fibers can be observed, meaning that the carbon 

fibers, as deposition substrate, is stable against the volume change during 

plating/stripping. 



279 

 

Figure 120. Full battery cycling performance of Al batteries at elevated areal 

capacities. (a)~(c) Full batteries (coin cells) constructed using Al foil as the anode and 

graphite as the cathode. (a) voltage profile of galvanostatic charge-discharge at 20 C. 

Capacity retention and Coulombic efficiency retention at (b) 20 C and (c) 80 C. 

(d)~(g) “Anode-free” full batteries constructed using carbon fibers as the anode and 

graphite as the cathode. (d) voltage profile of galvanostatic charge-discharge at 20 C. 

Capacity retention and Coulombic efficiency retention at (e) 80 C (f) 60 C. (g) Cycling 

performance of anode-free carbon cloth || graphite pouch cell. Size ~2.3 cm2. 

Tantalum foils are used as the current collectors placed on the back side of both 

electrodes.   
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Figure 121. Enlarged carbon cloth || graphite pouch cell without Ta current 

collector behind the carbon cloth electrode. (a) Capacity vs. cycle number and (b) 

corresponding voltage profiles for large format “anode free” carbon cloth vs. graphite 

pouch cells with 9 cm2 electrode area. Cells were cycled at a current density of 0.4 mA 

cm-2 (1C rate) between 0.4 – 2.4 V. We provide a preliminary assessment on 

assembling larger form factor pouch cells (~9 cm2) without the Ta back current 

collector behind the carbon cloth. The observations suggest that the high conductivity 

metal foil current collector plays an important role in maintaining the uniform and fast 

electron transport from the external circuit to the carbon cloth electrode. Future 

investigation can center on developing alternative metal foils of optimal thickness as 

current collector in Al pouch cells. 
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Figure 122. Ultrahigh current density plating/stripping of Al. SEM analysis of Al 

plated at a current density of 40 mA/cm2: (a) on stainless steel, and (b) on carbon 

fibers. (c) Voltage profile showing the Al || stainless steel cells fail by short-circuiting 

by the 2nd cycle. (d) Coulombic efficiency versus cycle index for Al plating/stripping 

process on carbon fibers with metal-substrate bonding. 
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To evaluate the reversibility of the Al deposited at these high areal capacities, we 

measured the plating/stripping Coulombic efficiency (CE) of the Al electrodes in 

electrochemical cells. The CE reveals the ratio between the amount of metal that can 

be stripped and the amount that is originally plated. The results are reported in Fig. 

118. In stark contrast to the low CE and rapid battery failure observed on a planar 

stainless steel substrate, anodes produced by Al electrodeposition in a patterned 

substrate composed of carbon fibers manifests a high level of reversibility 

(99.4%~99.8%, stripped morphology in Fig. 119) over a broad range of capacities 

(0.8~8 mAh/cm2). The results also show that the cells maintain stable operations for 

more than 2000 hours (Fig. 118a~c). The voltage profile in Fig. 118d confirms that 

the plating/stripping reaction is stable, as evidenced by the narrowing overpotential 

over the 3600 hours of cycling, not showing any trend toward deterioration. It is also 

noteworthy that the CE at 8 mAh/cm2 is not compromised by the presence of 

microscale Al deposits, owing to what we suspect is the robust, interconnecting 

electronic pathway in the conductive nonplanar architecture that guarantees good 

electrochemical access to the metal and prevents formation of “dead” or “orphaned” 

Al. When paired with a cathode, this improvement can be clearly reflected in proof-of-

concept full cells at elevated capacity ~ 1 mAh/cm2, which is 1 to 2 orders of 

magnitudes higher than the values reported in the literature (Fig. 120~121). Consistent 

with the plating/stripping measurement, batteries using Al foil as the anode fail rapidly 

in <100 cycles. By contrast, “anode-free” full batteries with carbon-fiber anode 

without any pre-stored Al show stable cycling and excellent capacity retention over 

thousands of cycles. These results of full battery tests further confirm the high 
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reversibility of Al plating/stripping on carbon fibers when subject to cycling. 

As an extreme test of the approach, we performed plating/stripping experiments at an 

unprecedentedly high current density, i.e. 40 mA/cm2. SEM characterization reveals 

that, diffusion limited ramified electrodeposit structures with classical fractal/dendritic 

morphologies are formed on the planar electrode (Fig. 122a). In contrast, nanoscale, 

compact Al electrodeposition is maintained on the carbon-based fibers (Fig. 122b). As 

expected, the cells using the planar stainless-steel foil, fail quickly by the short-

circuiting process after < 5 minutes (Fig. 122c). This can be compared with the 

electrochemical results in Fig. 122d, which show that high levels of reversibility and 

long lifetime (e.g. CE=99.96% and over 60000 cycles) with the regulation produced 

by the metal-substrate bonding.  

The stable plating/stripping behaviors of Al under the regulation of metal-substrate 

bonding can be understood in a quantitative manner. As Al forms a compact layer on 

the surface of the carbon fibers, the electron transport length scale is maintained small. 

As a quantitative estimation, the characteristic relaxation time  of the nanoscale Al 

deposits formed in the patterned substrate is 4 orders of magnitudes smaller than that 

of the dendritic Al (L ≈ 160 nm v.s. 20 μm) formed in the planar case. It means that 

the nanoscale Al can be stripped in a significantly faster manner. In addition to 

considerations based on transport, the non-planar/dendritic metal deposit is associated 

with a stronger morphological instability— as stripping occurs at the bottom of the 

deposits, the whole structure detaches from the electrode (334). Taken together our 

observations therefore suggest that an Al anode in which the metal is deposited in a 

patterned substrate capable of forming strong bonds with Al are of potential 
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immediate interest for applications in Al batteries operating under various conditions. 

In Table 9, we compare electrochemical performance achieved for our Al anodes with 

those of state-of-the-art commercial Li-ion technology. It is apparent that even without 

taking into accounts the intrinsic advantages of Al metal including safety, cost, ease of 

manufacturing, and high earth-crust abundance, Al batteries based on the proposed 

electrode design show significant promise.  

To explore the broader utility of our concept, we studied the electrodeposition of Zn, 

another metallic battery anode material arousing enormous research interest recently 

(22, 150), in a patterned substrate composed of interwoven carbon fibers (Fig. 123). 

The cyclic voltammetry and galvanostatic plating/stripping results demonstrate that, 

unlike Al, Zn has a low plating/stripping efficiency and slow kinetics on carbon fibers; 

indicating that the substrate architecture alone is insufficient for achieving highly 

reversible deposition. We artificially introduced a strong metal-substrate interaction by 

coating the substrate with graphene, which we recently reported strongly coordinates 

with Zn by an epitaxial mechanism owing to a minimized interfacial energy (22). In 

stark contrast, the plating/stripping reversibility and lifetime are significantly 

improved.  SEM results show that, the presence of the strong metal-substrate 

interaction via the graphene interphase can effectively promote the uniform deposition 

of nanoscale, plate-like Zn metal that shows a minimized electron transport length 

scale, in comparison with the microscale Zn deposits observed on bare carbon fibers 

(Fig. 123). Moreover, the effectiveness of metal-substrate bonding can be 

demonstrated on planar substrates, which is a more conventional configuration in 

commercial batteries. We evaluated the electrochemical plating/stripping of Al on 
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stainless steel coated by carbon nanotubes with and without carboxylic side groups. As 

shown in Fig. 124, the planar substrates coated with carboxylic-functionalized carbon 

nanotubes manifest stable cycling and high Coulombic efficiency, in comparison with 

bare stainless steel and even nonplanar nickel foam. On this basis, we conclude that 

the concept to regulate electrodeposition morphology can be readily extended to other 

electrodeposition systems of different chemistries or geometries by rationally 

designing an artificial metal-substrate interphase that provides strong interactions. 

8.3 Conclusion 

In summary, we report that specific interfacial metal-substrate bonding can be used to 

achieve fine control of metal electrodeposit morphology and uniform, compact, and 

exceptionally reversible metal deposition. Using metallic aluminum as an example, we 

first show how such bonds can be used to overcome the metal’s natural affinity for the 

separator and to prevent aggressive, non-planar electrodeposition. Extension of the 

concept to create patterned Al anodes, reveals that it is possible to achieve highly 

reversible metal anodes with combinations of areal specific capacity and cycle life that 

are one or more orders of magnitude higher than previous literature reports. Our 

findings confirm that the reversibility of metal anodes requires continuous access to 

ionic and electronic transport pathways in the electrode and is strongly correlated with 

control of the electron transport length scale. Successful extension to Zn metal anodes 

indicates that the concept may be generalized to achieve high reversibility in other 

metallic anodes in batteries. 
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Figure 123. Extension to Zn plating/stripping on carbon frameworks. (a)(b) SEM 

images and (c) Cyclic voltammetry of Zn plating/stripping on bare carbon fibers. 

(d)(e) SEM images and (f) Cyclic voltammetry of Zn plating/stripping on graphene 

coated carbon fibers. Voltage profiles of galvanostatic plating/stripping of Zn at 60 

mA/cm2 on (g) bare carbon fibers and (h) graphene coated carbon fibers. (i) coulombic 

efficiency of Zn plating/stripping on carbon fibers with (red) and without (black) 

graphene coating. The deposition was performed using linear sweep voltammetry: 20 

mV/s, from 0V to -0.2V v.s. Zn2+/Zn. The size of the Zn deposits is ~ 5 μm on bare 

carbon fibers. CV was performed using a scan rate: 20 mV/s; and a range: -0.2 V to 

0.5 V v.s. Zn2+/Zn. 
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Figure 124. Al plating/stripping on carbon nanotube (CNT)-coated stainless steel 

substrate. Al plating/stripping voltage profiles on (a)(b) graphitized CNT coated 

stainless steel; (c)(d) carboxylic side group functionalized CNT coated stainless steel. 

(e)(f) Coulombic Efficiency of Al plating/stripping on carboxylic side group 

functionalized CNT. Current density: 1.6 mA/cm2. 
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Chapter 9. Conclusions and Outlook 

Electrodeposition of metals at battery anodes is by its very nature a complex process 

involving multiple physical and chemical factors that play different roles in different 

regimes. 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 require 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 the 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 deposition morphologies — the observation would hardly be 

scientifically meaningful unless the deposition conditions are chosen with reference to 

certain intrinsic properties of the system and estimates (at least qualitative) are thereby 

made to understand which regime the deposition system is in. In other word, it is 

meaningless to draw conclusions about a factor’s influence in a regime governed by 

another factor. For example, mass transport is a fundamental limit that exists 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 may obscure 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 morphology is “dendritic” or 
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“nondendritic” in some contemporary publications. We therefore suggest that a more 

quantitative, scientific framework be used in describing the morphology. The 

discussions in this thesis in our view provides 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 comparison across the literature. 

This complex nature of electrodeposition in turn creates a platform to study the 

physiochemical processes and their interplay — particularly because these processes 

are sometimes adequately “internalized” and reflected in the morphology of the 

deposited, solid metallic phase. For this reason, in-depth characterizations of 

electrodeposition morphology offer a path towards tracing the dynamics of the 

physiochemical processes. Among the characterization opportunities, atomic-scale 

investigations of the composition/structure of the SEI layer and how it regulates the 

growth of the Zn electrodeposits would generate transformative new insights and be of 

immediate 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 (370). It raises a question—“does the deposition of other 
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non-alkali metals adopt a similar mode?” In short, non-sensitive Zn provides a 

platform for understanding mechanisms involved in metal electrodeposition using 

advanced characterization techniques (99). 

It is also noteworthy that in contrast to the large volume of work focused on the 

deposition process, the stripping process of metal deposits receives much less attention 

in spite of its as least equally important role in determining the ultimate reversibility. 

As demonstrated by Song et al., 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 (371). 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 nano-structured 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, it should be stressed that 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 additional 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. 

Adherence to this simple guiding principle will limit the volume of ultimately 

unfruitful efforts even in basic battery researches, and will help to define the most 

commercially-relevant pathways towards affordable Zn batteries. 
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