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Abstract 

 

Lithium Electrodeposition through Rigid Block Copolymer Electrolytes 

by 

Jacqueline Avery Maslyn 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Nitash P. Balsara, Chair 

 
 Smaller, lighter, more powerful batteries will help drive the next generation of mobile 

technologies with energy from renewable sources. Battery chemistries incorporating a lithium 

metal anode offer high theoretical specific energies and energy densities, but no current electrolyte 

has yet been shown to be adequate, despite considerable effort.  

 Lithium metal electrodes suffer from irreversibility during battery cycling which 

diminishes their utility. First, lithium metal is highly reactive and tends to consume electrolyte 

with irreversible chemical reactions at electrode/electrolyte interfaces. Second, lithium metal tends 

to plate and strip in a nonplanar fashion, resulting in lithium protrusions that may span the 

electrolyte and short-circuit the cell. This is the so-called “dendrite problem”, named for the 

branched, filamentous lithium structures first observed on lithium metal after cycling in liquid 

electrolytes. Theoretical models suggest that planar deposition of lithium can be encouraged by 

using a rigid electrolyte, wherein compressive forces on the electrode discourage the growth of 

protrusions. However, the non-negligible displacement of the electrode/electrolyte interface as the 

lithium electrode is charged and discharged places additional constraints on the electrolyte: if the 

electrolyte cannot maintain good electrochemical contact with the electrode, it is unsuitable. Thus, 

it is desirable for an electrolyte to have some solid-like properties (e.g. resistance to lithium 

protrusion growth) and some liquid-like properties (e.g. able to accommodate of volume change). 

The viability of next generation lithium and beyond-lithium battery technologies hinges on the 

development of electrolytes with improved performance.  

 A suitable electrolyte must promote reversible lithium metal electrodeposition and 

stripping, and also conduct ions at a sufficiently high rate. Nanostructured electrolytes have shown 

promise for this purpose: such materials contain conducting domains for ion transport and rigid 

domains to promote stable lithium deposition. This dissertation focuses on model nanostructured 

block copolymer electrolytes comprising polystyrene-block-poly(ethylene oxide) (PS-b-PEO, or 

SEO) copolymers mixed with a lithium salt. By changing total chain length and the ratio of PS to 

PEO, one can obtain electrolytes with a variety of self-assembled morphologies and a range of 

mechanical properties. The salt is preferentially located in the PEO-rich lamellae. We focus on 

those electrolytes that self-assemble into lamellar morphologies, with alternating layers of ion-

conducting PEO and mechanically reinforcing PS. Such composite materials have ion transport 

properties that are not easily predicted from the ion transport properties of the conducing domain 

only.  
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 The design of new solid electrolyte materials is currently limited by incomplete 

fundamental understanding of the relationship between the initial properties of the electrode and 

electrolyte (e.g. mechanical, ion transport), and the resulting morphology of electrodeposited 

lithium after cycling. To overcome this challenge, this dissertation includes studies of both 

fundamental ion transport and lithium morphology in the same electrolyte. The morphology of 

electrodeposited lithium is affected by many factors, and lithium electrodeposition through 

different electrolytes has largely been studied qualitatively. We study lithium deposition by 

analyzing three-dimensional (3D) position space images of lithium deposition using synchrotron 

hard X-ray tomography. 3D renderings provide an opportunity to quantitatively correlate various 

factors such as experimental current density, interelectrode distance, and electrode shape and 

understand how lithium protrusion morphology evolves over time under conditions of plating and 

stripping. Ion transport through an electrolyte and lithium electrodeposition are inextricable. We 

also study lithium ion transport through a series of lamellar SEO electrolytes.  

 Chapter 1 provides an introduction to topics of interest to this dissertation, including 

lithium metal batteries and associated challenges, electrolytes for lithium batteries, nonplanar 

electrodeposition of lithium metal, and information about the imaging technique X-ray 

tomography.  Current density, properly normalized, is perhaps the key variable in the 

electrodeposition of lithium. Chapter 2 is the first attempt at quantifying the effect of current 

density on the geometry and density of dendrites and other protrusions during electrodeposition 

through a solid polymer electrolyte. Lithium protrusions in cells with SEO electrolytes have been 

observe to nucleate on impurity particles in the existing lithium metal electrode. In Chapter 3, an 

“electrochemical filtering” treatment was performed on lithium symmetric cells in order to reduce 

the concentration of impurity particles near the electrode-electrolyte interface, and cells were 

cycled to determine the effects of the treatment on lifetime. In Chapter 4 we demonstrate that 

globules are preferentially stripped compared to a planar electrode in our system, which 

incorporates a nanostructured block copolymer electrolyte. First, we show and quantify the healing 

of lithium metal anodes during stripping; second, we also view protrusions from a moving 

reference frame attached to the electrode/electrolyte interface. Chapter 5 aims to quantitatively 

analyze the plating and stripping of a lithium protrusion in a lithium metal symmetric cell over a 

series of time steps based on X-ray tomography imaging. Current density at the positive electrode, 

current density at the negative electrode, and interelectrode distance were quantified and mapped 

as a function of position. Correlation functions are calculated to reveal the relationships between 

these three microscopic measured parameters. These results shed light on the interactions between 

parallel electrodes separated by a battery-relevant distance. Chapter 6 deals with ion transport in a 

series of twelve SEO block copolymer electrolytes, all with nominally lamellar morphology. These 

electrolytes include those through which lithium electrodeposition was studied in Chapters 2, 3, 4, 

and 5. Ionic conductivity, salt diffusion coefficient, current fraction, interfacial impedance, and 

limiting current density were measured in these electrolytes and compared to those of 

homopolymer PEO. Scanning electron microscopy was used to characterize the self-assembled 

morphology of these electrolytes at different salt concentrations. We compare measured limiting 

current density in the twelve nanostructured electrolytes with predictions based on the effective-

medium theory of Sax and Ottino and Newman’s concentrated solution theory. 

 To make progress towards commercially viable Li metal batteries, a deep, fundamental 

understanding of lithium deposition that simultaneously considers chemical, mechanical, and 

electrochemical factors will be crucial. The objective of this work is to increase our understanding 
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of these interactions in order to inform models and materials design to enable next-generation 

electrochemical energy storage.  
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1. Introduction 

1.1 Lithium Metal Batteries 
To transition away from combustion fuels like coal and octane and towards renewable 

energy sources like solar and wind, both large-scale and portable energy storage will be necessary. 

Rechargeable batteries will be an important component of this energy storage; especially relevant 

will be safe, high energy density batteries necessary for the next generations of electric vehicles.1,2  

1.1.1 Batteries 

 Fundamentally, batteries store energy in two electrodes of differing electrochemical 

potential energies. The electrodes are separated by an electrolyte which allows conduction of ions 

but not electrons, while an external circuit allows conduction of electrons but not ions. A simplified 

schematic of a lithium-ion battery during discharge is shown in Fig. 1.1. During discharge, lithium 

begins in a higher-energy state in the anode. Lithium ions travel through the electrolyte 

concurrently with electrons through the external circuit before recombining in a lower-energy state 

in the cathode. As electrons travel through the external circuit, they can do work.  

 

Figure 1.1. Schematic of a simplified lithium-ion battery during discharge with a graphite battery anode and 

an agnostic cathode material.  
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One example of a lithium-ion battery discharge reaction3 is 

2Li0.5CoO2 + LiC6 → 2LiCoO2 + C6, (1.1) 

where Li0.5CoO2 and LiC6 are the states of the positive electrode and negative electrode in the 

charged state, and  LiCoO2 and C6 are the states of the positive electrode and negative electrode in 

the discharged state. Typically, the negative electrode of a battery is generally referred to as the 

battery anode, even though in practice the direction of current is reversed between charge and 

discharge. Because electronic current leaves the anode, the negative electrode can be more 

accurately described as the anode during discharge.4  

If a lithium metal anode were to be used with this cathode material, the reaction would be 

2Li0.5CoO2 + Li → 2LiCoO2 (1.2) 

and lithium metal would be the negative electrode.  

1.1.2 Motivation for a Lithium Metal Electrode 

 The lithium metal anode has been a target of research for decades because of its high 

gravimetric and volumetric energy density.5–7 Lithium is an attractive choice for the anode of a 

battery because its high electronegativity corresponds to a higher cell potential compared to other 

lithium-based anodes, and its small molecular mass tends to maximize specific energy.4 The 

maximum voltage of a battery can be calculated using the difference of Gibbs free energies of 

formation3. Theoretical specific energy, also called gravimetric energy density, normalizes the 

Gibbs free energy of reaction by the mass of the active materials (Eq. 3 in Ref.3). In practice, a 

battery must also contain additional elements such as the electrolyte, separator, and current 

collectors: these values are accounted for in the practical specific energy. Specific energy can also 

be calculated for a battery by integrating electrical power over time, as detailed in Eq. 13 of Doyle 

et al.8 and section 1.1 of Harry9.  

 Fig. 1.2 plots the specific energies of various battery technologies compared to that of 

octane. This plot was adapted from Ref.3 The points shown in blue are battery technologies 

incorporating a lithium metal anode (practical specific energy is estimated). The lithium metal 

electrode provides significant improvement over the graphite electrode. It is also necessary to 

achieve dramatic increases in specific energy, such as those achieved by battery chemistries such 

as Li-sulfur and Li-oxygen.9–11  
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Figure 1.2. Theoretical and practical specific energy of various battery chemistries and octane. Adapted from 

Balsara and Newman.3  

 

1.1.3 Challenges Associated with the Lithium Metal Anode 

 Multiple factors limit the cycle life of rechargeable lithium metal batteries, which are well 

laid out by Zhang, Xu, and Henderson, Aurbach et al. and Lin et al.7,11–13 They can be summarized 

as (1) low coulombic efficiency of lithium plating and (2) nonplanar deposition of lithium. 

Included in (1) are problems like electrolyte consumption/dry-out due to reaction with the 

electrode and the formation of resistive interfacial layers which cause a continuous increase in cell 

impedance. Problem (2), nonplanar lithium deposition, refers to the tendency of lithium to deposit 

in the form of dendrites or protrusions. These protrusions are often referred to as “lithium 

dendrites”. Strictly, the word “dendrite” implies a branched structure: as many non-dendritic 

morphologies have been reported in the literature, “protrusion” is a more general term. In some 

electrolytes, nonplanar deposition of lithium leads to “dead lithium”, which is lithium metal that 

has become detached from the main body of the lithium electrode over the course of cycles of 

deposition and stripping (Fig. 1b of Ref.11). Further, if the lithium protrusion remains attached to 

the negative electrode, it will preferentially grow compared to the surrounding electrode until it 

contacts the positive electrode and causes a short-circuit. The short-circuit will allow the battery 

electrodes to rapidly exchange ions and electrons and react to equilibrium: the amount of heat 

released during this reaction may be enough to initiate combustion of the electrolyte and cause a 

battery fire. The focus of this dissertation will be the geometry of lithium deposition in 
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poly(ethylene oxide)-based polymer electrolytes, which create a stable interfacial layer with 

lithium metal and do not suffer from the issues of electrolyte consumption and continuously 

increasing impedance. 

 

1.2 Electrolytes for Lithium Batteries 

1.2.1 Overall Electrolyte Considerations and Ion Transport Requirements 

 An electrolyte suitable for use against a lithium metal electrode must satisfy multiple 

conditions, some of which are seemingly orthogonal. Kang Xu has published a thorough discussion 

of nonaqueous electrolytes.4 More briefly, an electrolyte which aims to be widely adopted must 

satisfy multiple requirements: it must be (1) a good ionic conductor, (2) a poor electronic conductor, 

(3) stable with respect to the chosen electrodes, (4) inert to other cell components, (5) robust against 

various abuses, including electrical, mechanical, and thermal, (6) safely manufacturable on a large 

scale, and (7) economical. No current electrolyte has shown itself to satisfy these conditions with 

respect to the lithium metal electrode.  

 The ion transport properties of a proposed electrolyte deserve further consideration in the 

context of this dissertation – polymer electrolytes. A primary limitation of polymer electrolytes is their 

comparatively poor ion transport properties. Typical lithium ion battery electrolytes contain a high-

dielectric liquid solvent which leads to faster ion transport than in the polymer electrolytes discussed 

here. To increase the power output of a battery, one may increase the voltage of the cell or allow the 

battery to be discharged at higher current densities. The theoretical maximum voltage is determined by 

the equilibrium potential difference of the electrodes. The operating voltage of the cell is reduced from 

the theoretical value based on the cell resistances. For the purpose of designing the battery electrolyte, 

the relevant resistances are the interfacial charge-transfer resistance and effective electrolyte resistance, 

which should both be minimized in order to maximize the operating voltage. The interfacial charge-

transfer resistance can be measured using impedance spectroscopy and14 the effective electrolyte 

resistance is determined by the ionic conductivity of the electrolyte and the magnitude of the 

concentration gradients which form between the electrodes during polarization.  The effective 

electrolyte resistance can be expressed as the product of ionic conductivity and the current fraction.15 

The current fraction can be measured as the properly normalized ratio of steady-state to initial current 

across a symmetric cell held at a small constant voltage. The importance of the current fraction, also 

known as the steady-state transference  number, was first proposed by Evans, Bruce, and Vincent.15,16 

If the operating voltage cannot be further improved by minimizing ohmic drops within the electrolyte 

(interfaces and bulk), the current density must be increased to achieve high power output. In a binary 

electrolyte, as the current density is increased, the concentration gradients become steeper until the salt 

concentration reaches zero at one electrode. This current density is known as the limiting current. The 

limiting current is a function of multiple transport properties and is inversely proportional to 

interelectrode distance.17–19 Two additional points should be mentioned in this discussion. First, 

concentration gradients will also appear within a porous electrode, as described by Doyle, Fuller, and 

Newman.8,20,21 (The effective electrolyte resistance applies to the effective voltage drop across the 

electrolyte only.) The electrode concentration gradient will depend on the electrode formulation as well 

as the electrolyte. Second, it should be noted that all of these properties are temperature-dependent, 

and practical electrolytes are required to be functional over a range of temperatures.  
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1.2.2 Motivation for Solid Electrolytes 

Between 2003 and 2005, Monroe and Newman published a series of papers modeling the 

growth of lithium protrusions through polymer electrolytes which became the theoretical 

motivation for rigid polymer electrolytes. In 2003, they published a model of dendrite growth 

under galvanostatic conditions in lithium/polymer systems which incorporated dendrite tip 

curvature and surface energy. They used transport properties representative of an oxymethylene-

linked PEO/LiTFSI system to plot time-dependent concentration gradients, potential gradients, 

and protrusion growth rates.17 In 2004,  they proposed a general expression for current density in 

terms of applied overpotential at deformed interfaces which accounted for mechanical forces such 

as elasticity, viscous drag, and pressure. In 2005, they applied this expression to a treatment of 

lithium/polymer cells which treated the electrode and electrolyte as elastic materials. They reported 

that an electrolyte shear modulus about twice as high as that of the 4 GPa shear modulus of lithium 

metal at room temperature is necessary to slow the deposition rate of lithium ions at a protrusion 

to the rate elsewhere on the electrode.22 Polymer electrolytes at that time had shear modulus three 

orders of magnitude or less than that of lithium metal. This theoretical work motivated the work 

block copolymer electrolytes. We note that inorganic ceramic and glassy electrolytes have a shear 

modulus that far exceeds that of lithium metal, but these electrolytes have different modes of 

lithium protrusion growth.23–25   

 

1.2.3 Block Copolymer Electrolytes 

Poly(ethylene oxide)-based (PEO-based) electrolytes were first suggested in 1978.26 Oxygen 

atoms in the carbon backbone surround and solvate lithium ions.27 However, PEO is crystalline at 

room temperature. In order to conduct ions at an appreciable rate, PEO must be in the melt state 

(Tm ~ 60 °C). For a comprehensive review of PEO-based electrolytes, Polymer Electrolyte 

Reviews Volume 1, which contains chapters, among others, “Current State of PEO-based 

Electrolyte” by Michel Armand, “Ion-Molecule and Ion-Ion Interactions in Polymer Electrolytes” 

by J. R MacCallum and Colin Vincent, “Electrical Measurements on Polymer Electrolytes” by 

Peter Bruce, and “Electrode Kinetics and Electrochemical Cells” by Bruno Scrosati is an excellent 

starting point.26 Further, PEO electrolytes have been well-characterized and reviewed in the 

interim.28–30 

The theoretical work of Monroe and Newman motivated the development of block copolymer 

electrolytes, in which a rigid polymer chain was attached to an ion-conducting PEO chain to 

increase the rigidity of the total electrolyte. The relevant electrolyte in this dissertation is a solid-

state, polystyrene-b-poly(ethylene oxide) (PS-PEO, also referred to as SEO) block copolymer-

based electrolyte, shown in Fig. 1.3. Lithium bis(trifluoromethanesulfone)imide (LiTFSI) salt is 

dissolved in SEO to form an electrolyte. The PS and PEO/LiTFSI domains microphase separate 

due to the chemical dissimilarity between the monomers; LiTFSI preferentially solvates into the 

PEO domains.31–35 The microphase separated electrolyte is advantageous because it combines two 

desired properties which are ordinarily mutually exclusive: PEO domains lend ionic conductivity 

of lithium ions, while PS domains, in which lithium ions are not preferably soluble, lend 

mechanical rigidity. The shear modulus of high molecular weight SEO is typically 106-107 Pa at 

90 °C, the electrochemical temperature of interest, compared to 105 Pa for 360k PEO36–38. SEO 

has shown significant resistance to dendrite growth compared to a pure PEO/LiTFSI electrolyte.36  
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Figure 1.3. SEO, a block copolymer electrolyte based on polystyrene (PS) and poly(ethylene oxide) (PEO). 

 

There are many excellent references for the transport characterization of electrolytes. 

Especially useful for transport characterization of PEO and SEO electrolytes are the articles by 

Pesko et al. and Villaluenga et al., respectively.28,39  

1.3 Nonplanar Electrodeposition of Lithium Metal 

1.3.1 Visualization of Lithium Electrodeposition 

Direct imaging of lithium morphology has provided useful insight into the nature of lithium 

metal electrodeposition. Optical microscopy has been used to visualize lithium deposition in situ 

and otherwise in liquid and polymer electrolytes.40–47 Although improvements in instrumentation 

has increased the practical resolution of this technique through the decades, the resolution remains 

lower than that of other microscopy techniques. The technique requires an optically transparent 

electrolyte. In addition, sample geometry requires a large interelectrode distance, perhaps 1 mm, 

or electrodes with an ionic current path that is not perpendicular to parallel electrodes. Scanning 

electron microscopy (SEM) has been used since the 1970s as an ex situ characterization method, 

although caution must be used to preserve delicate and air-sensitive lithium structures during cell 

disassembly and transfer to the microscope.48–50 In situ SEM characterization is more complex.51–

54 Transmission electron microscopy (TEM) has been used for some materials as well, although 

the sample must be downsized significantly to extract useful information within the field of view 

of a TEM.55,56 In addition, electron damage from the beam must be considered. X-ray transmission 

can give information about lithium morphology in operando, similar to an optical cell.57–59 X-ray 

tomography has been increasingly used to examine lithium electrodeposition in liquid, polymer, 

and solid electrolytes.37,38,68,69,60–67 This technique is the only one to give 3D spatial information, 

and can be used to collect micron-resolution information in a multi-millimeter field of view. High 

energy X-rays have been shown to be effectively non-interacting with the sample.9 Lab-scale 

tomography instruments can scan a sample at high resolution over a period of several hours. For 

shorter scans on the order of minutes, synchrotron-level X-ray flux is currently required. High flux 

synchrotron X-ray sources can also provide X-ray energy resolution, very short exposure times, 

and phase contrast imaging.70 However, in situ cell design can also be challenging depending on 

the field of view.71  

For a more comprehensive review of lithium dendrite growth, including references for the use 

of atomic force microscopy, nuclear magnetic resonance, Raman spectroscopy, Fourier transform 
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infrared spectroscopy, and X-ray photoelectron spectroscopy (XPS) to study electrodeposited 

lithium, section 2 of Ji-Guang Zhang, Wu Xu, and Wesley Henderson’s “Lithium Metal Anodes 

and Rechargeable Lithium Metal Batteries” provides information on characterization and 

modeling of lithium dendrite growth.7  

 

1.3.2 Morphology of Electrodeposited Lithium1 

The morphology of electrodeposited lithium is affected by many factors, such as cell geometry, 

current density, deposition substrate, salt concentration where lithium is plating, temperature, solid 

electrolyte interphase (SEI), and the ion transport and mechanical properties of electrolyte.72–74 

The morphology is also affected by whether the lithium is deposited unidirectionally or cycled 

(alternating plating and stripping). Experiments where lithium deposition morphology is observed 

rarely conserve even a few of these parameters with respect to each other. Cheng et al. 

acknowledge this in their impressive collection of reports of failure from unidirectional 

polarization and cycling of lithium cells in Tables 2 and 3 of their review.75  

Frenck et al. grouped lithium morphologies observed in the literature into six classes, described in 

Fig. 1.4.24 (A more inclusive version of Fig. 1.4 including micrographs from the literature can be 

found in Frenck et al.) Important features of the lithium morphology are summarized in Table 1.1. 

Whiskers emanating from the anode represent the simplest morphology of lithium protrusions. 

These are generally long and thin structures, with widths of about 1 μm and lengths ranging from 

10 to 100 μm (see first entry in Table 1.1). In the “Whisker” schematic of Fig. 1.4.2, we show the 

whiskers connected directly to the anode without an intervening SEI layer. The whiskers are 

covered by an SEI layer76,77 and surrounded by the electrolyte. Mossy lithium, shown in the 

“Mossy/compacted mossy” column of Fig. 1.4, appears as solid interconnected pebbles with 

electrolyte filling the pores. Mossy lithium grows in liquid electrolytes: pressure from a cell 

separator (e.g. a Celgard membrane) may cause the moss to become further compacted. Dendrites, 

shown in the “Dendritic” column of Fig. 1.4, are thin branched, fractal objects. Lithium globules, 

shown in the “Globular” column of Fig. 1.4, differ from whiskers, mosses, which tend to nucleate 

in a uniformly random fashion across the entire electrode. Globules have only been observed 

nucleated at an impurity particle in the lithium electrode. They can be in the form of a single 

ellipsoid globule or a cluster of multiple globules packed together at the nucleation site.60,62 In the 

“Tree like” column of Fig. 1.4, lithium trees are shown emanating from the electrode. Unlike 

mosses that are irregular in shape, the lateral size of trees increases with increasing distance from 

the electrode. The “Cracks” column of Fig. 1.4 applies to lithium deposition through cracks in 

ceramic electrolytes. In this case, lithium protrusions grow through grain boundaries, resulting in 

cracking of the electrolyte. Typical sizes and aspect ratios of the protrusions described above are 

given in Fig. 1.4 

 

 
1 Reprinted and adapted with permission from Frenck, L.; Sethi, G.; Maslyn, J. A.; Balsara, N. P. Factors 

That Control the Formation of Dendrites and Other Morphologies on Lithium Metal Anodes. Frontiers in 

Energy Research, 2019, 7 115 1-11. Permission was obtained from co-authors: Louise Frenck, Gurmukh 

K. Sethi, and Nitash P. Balsara. 
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Figure 1.4 Cartoons of lithium deposition morphology. Adapted with permission from the following reference, 

which also includes examples of each type of deposition experimentally visualized. Frenck, L.; Sethi, G.; Maslyn, J. 

A.; Balsara, N. P. Factors That Control the Formation of Dendrites and Other Morphologies on Lithium Metal 

Anodes. Frontiers in Energy Research, 2019, 7 115 1-11. 

 

Table 1.1. Name, description, and characteristic dimensions of electrodeposited lithium morphologies.  

 
Name Description Width 

(μm) 

Height 

(μm) 

Aspect ratio 

(length/ width) 

Whiskers Objects with minimal branching 

and kinks surrounded by excess 

electrolyte 

0.1-5 10 - 

100 

100  

Mosses Interconnected pebble-like objects 

with electrolyte within gaps and 

pores 

10-50 - 1  

Dendrites Branched, fractal structures 1 - 20 100 - 

600 

10  

Globules Collections of compact globules 

nucleated on an impurity particle 

20 - 150 20 - 

150 

1-2 

Trees Object with a narrow stem and a 

branched top 

At the bottom 10 - 50 

At the top 50 - 500 

100 - 

500 

1 - 3 

Cracks Object growing through grain 

boundaries or structural weakness 

in the inorganic solid electrolyte 

1 - 5 

 

Frenck et al. went further to plot the morphology of electrodeposited lithium as a function of two 

variables: shear modulus and current density normalized by the limiting current density. They 

hypothesized that specific morphologies are confined to contiguous regions on this two-

dimensional plot, and showed that this was generally true.  
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Figure 1.5. Map of lithium morphology on a grid of normalized current versus mechanical stiffness of the 

electrolyte. Published morphology data of lithium protrusions plotted as a function of the current density 

normalized by the limiting current density, inorm, versus the electrolyte type and storage shear modulus, G’. 

Continuous regions of morphologies are shaded with a solid color, and coexisting morphologies are denoted by 

hatched regions. Specific points on the plot can be identified using the SI and Table IV of Ref.24  

Fig. 1.5 reproduces the plot in Frenck et al. in which lithium morphology was mapped on to a 

grid of normalized current and electrolyte stiffness. A red dashed line indicates where the applied 

current density to the cell is greater to or equal than the limiting current. The unitless normalized 

current, 𝑖norm, was defined as 

𝑖norm =
𝑖

𝑖L
, (1.3)  

where 𝑖 is the applied current density and 𝑖L is the calculated limiting current. In this case, the 

calculated limiting current was approximated using 

𝑖𝐿 =
2𝑐b𝐷𝐹

(1 − 𝜌+)𝐿
, (1.4) 
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which is an expression from Monroe and Newman where 𝑐b is the bulk concentration of salt in the 

electrolyte, 𝐷 is the diffusion coefficient of salt in the electrolyte, 𝐹 is the Faraday constant, 𝐿 is 

the interelectrode distance, and 𝜌+ is substituted for 𝑡+, the cation transference number in the dilute 

solution approximation.17 The difference between 𝜌+, 𝑡+, and 𝑡+
0  deserves further explanation. 𝜌+ 

is the experimentally measured current fraction, sometimes called the steady-state transference 

number, determined by the method described by Evans, Bruce, and Vincent. 𝑡+
0  is the cation 

transference number with respect to solvent velocity in a concentrated solution as defined in 

equation 12.11 of Electrochemical Systems, 3rd Edition.15,16,18,78,79 𝑡+ is the cation transference 

number in the dilute solution approximation, where the superscript 0 is omitted to highlight that it 

is invoked in a dilute solution. It was shown by Balsara and Newman in 2015 that 𝜌+ should be 

equal to 𝑡+ and 𝑡+
0  in the dilute solution limit; however, the dilute solution limit is rarely a good 

approximation for real electrolytes.15,28,39,80 In the context of this work, 𝜌+ was substituted for 

calculations leading to Fig. 1.5, as the most accurate transference number 𝑡+
0  is a non-trivial 

property to measure. It is noted that the expression in the denominator affected by this 

approximation is (1 − 𝑡+
0). Therefore, if in the relatively extreme example, 𝑡+

0  is negative 1 and 

𝜌+ is 0.5, the calculated limiting current will vary by a factor of 4 if the aforementioned 

approximation is made. The shear modulus of the electrolytes is given on the abscissa of Fig. 1.5. 

The shear modulus of liquid electrolytes was considered negligible.  

The lithium electrodeposition experiments plotted on Fig. 1.5 are described in detail in Frenck 

et al.24 The primary requirement for a study to be included on the plot was for the electrolyte 

transport properties and cell geometry to be sufficiently reported in order for the authors to estimate 

a limiting current. All of the protrusion morphologies listed in Table 1.2 occupy contiguous regions 

in Fig. 1.5 and are shaded in different colors and labeled with the corresponding cartoon for visual 

clarity. The vertical dashed lines in the figure distinguish the three different kinds of electrolytes 

plotted, which are described in Table 1.2.  

Table 1.2. Liquid, Polymer, and Inorganic Solid Electrolytes 

. 

Electrolyte Description Mechanical 

behavior 

Order of 

magnitude 

of κ 

[S.cm-1] 

Order of 

magnitude 

of D 

[cm2.s-1] 

Order of 

magnitude 

of ρ+ 

Liquid Salt dissolved in traditional 

carbonate-based liquid electrolyte 

(e.g. EC, PC, DMC) 

liquid 10-2 10-6 0.3 - 0.4 

Polymer Salt dissolved in a neutral polymer 

(e.g. PEO, SEO) 

viscoelastic 10-4 - 10-3 10-8 - 10-7 0.05 – 0.2 

Inorganic solid Solid ceramic with lithium ions in 

the lattice (e.g. LLZO) 

solid 10-4 - 1 

Table 1.2 presents the three primary categories of electrolytes plotted in Fig. 1.5, with their 

description, order of magnitude of ionic conductivity, κ, order of magnitude of the salt diffusion 

coefficient D, characteristic range of steady-state current fraction ρ+, and characteristic mechanical 

behavior at the temperature of interest.24 In liquid electrolytes with negligible moduli, whiskers 
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(green) are obtained in the low normalized current density regime. Here, the driving force for 

lithium ion reduction is not sufficient to induce branching in the projecting structures.  Increasing 

inorm in liquid electrolytes results in the formation of moss (blue). Low modulus polymers (G' less 

than 10 Pa) exhibit behavior similar to liquids at low values of inorm. Increasing inorm results in the 

formation of globular protrusions. In higher modulus polymers, stable deposition may be observed 

at lower values of inorm. The three inorganic solid electrolytes plotted in Fig. 1.5 include crystalline 

and glassy solids. In all cases, failure due to the passage of current induces cracking (yellow) in 

the electrolyte.   

On the basis of the contiguous regions of the “morphology diagram”, Fig 1.5, Frenck et al. 

concluded that the lithium protrusion morphology obtained in different classes of electrolytes is 

mainly a function of two parameters: (1) current density normalized by the limiting current density 

and (2) modulus of the electrolyte. A theoretical map of stable and unstable lithium deposition 

regimes was proposed by Barai et al. and discussed in Chapter 2 of this dissertation.67,81 A 

theoretical map of lithium dendrite growth regimes spanning a wider range of applied current 

densities for liquid electrolytes was proposed by Jana et al. in 2019.82  

 

1.3.3 Driving forces for Nonplanar Lithium Deposition and Stripping in Polymer 

Electrolytes 

The framework for the plating and stripping processes of interest in a polymer electrolyte once 

nucleation has occurred is shown schematically in Figure 1.6. (For a discussion of lithium dendrite 

nucleation in different electrolytes, Section 4 in Cheng et al.’s “Toward Safe Lithium Metal Anode 

in Rechargeable Batteries: A Review” is recommended.) In Fig. 1.6, we show a symmetric cell 

with a planar lithium electrode at the top and an electrode containing a protrusion at the bottom. 

We use a 2D schematic but note that the problem is inherently 3D in nature. In Fig. 1.6a, we show 

plating of lithium on the bottom electrode. The driving force for electrodeposition is the potential 

difference between electrodes. The applied potential results in a lithium ion current, where lithium 

is oxidized at the top electrode. The ions thus obtained travel through the electrolyte due to a 

combination of diffusion and migration, and are reduced on the bottom electrode. 

For a planar electrode with a protruding imperfection, we expect the current density on the 

protrusion to be different from that on the surrounding planar electrode. This can be rationalized 

by three factors (shape effects, interelectrode distance effects, and influence of a rigid electrolyte), 

which are discussed separately but are not independent. Each effect is labeled on Fig. 1.6. Surface 

energy is neglected in this discussion because it was calculated by Monroe and Newman to have 

a negligible effect on deposition stability for PEO-like electrolytes (Fig. 5 in Ref. 83). However, it 

is acknowledged that surface forces must be incorporated in a complete model to oppose the 

tendency for  infinite narrowing of the protrusion tip.84  
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Figure 1.6. Schematic of driving forces involved in lithium plating and stripping. Schematic showing different 

influences for lithium plating and stripping onto and from a nonplanar lithium electrode. A circled number in red 

indicates that this effect promotes preferential protrusion growth. A circled number in green indicates that this effect 

suppresses protrusion growth or promotes preferential protrusion stripping. (a) When lithium is plated onto an 

existing protrusion, shape effects and a smaller interelectrode distance promote preferential protrusion growth. (b) 

When lithium is stripped from an existing protrusion, shape effects and a smaller interelectrode distance promote 

preferential protrusion stripping. (c) Mechanical resistance from the electrode suppresses preferential protrusion 

growth during plating. (d) Mechanical resistance from the electrode also promotes preferential protrusion stripping. 

(1) Shape Effects 

We first discuss electrodeposition on the protrusion-containing bottom electrode, Fig. 1.6a. The 

electric field lines must bend toward locations with smaller radii of curvature so that the 

equipotential lines in the electrolyte approach the proper boundary condition at the deposition 

electrode. This enhances migration of lithium ions near the protrusion tip. The electric field within 

the electrolyte is depicted by a color gradient of dark to light from the top to bottom electrode in 

Fig. 1.6a. The consumption of lithium ions results in a salt concentration gradient. To a good 

approximation, the salt concentrations at the electrode/electrolyte interfaces are independent of 

position (Dirichlet boundary conditions) if the electrodeposition reaction is mass-transport-limited. 
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This enhances diffusive flux of lithium ions near the protrusion tip.73,84 Thus, the potential gradient 

and concentration gradient in the electrolyte can both be depicted by the color gradients in Fig. 

1.6a.17 In Fig. 1.6b, we discuss shape effects during electrodeposition from the protrusion-

containing bottom electrode. The gradients of electric field and concentration are reversed in this 

case. Shape effects are labeled 1 on Fig. 1.6a and 1.6b.  

(2) Interelectrode Distance Effects 

We have already approximated that the surface of each electrode is equipotential and that the salt 

concentrations at the electrode/electrolyte interfaces are not a function of position. Then, on 

average, the magnitudes of the electric potential gradient and the chemical potential gradient are 

greatest where the interelectrode distance is smallest. This effect is labeled 2 on Fig. 1.6a and 1.6b.  

(3) Influence of a Rigid Electrolyte 

There is no volume change in a symmetric cell and thus planar deposition does not induce stress 

in a solid electrolyte. However, non-planar deposition does induce stress, as depicted in Fig. 1.6c, 

where we examine electrodeposition on the bottom, protrusion-containing electrode. When a solid 

electrolyte is strained, stress builds up in the electrolyte and this hinders further electrodeposition 

near the protrusion. Monroe and Newman incorporated the effect of elastic deformation in a 

modified Butler-Volmer equation. In their formulation, elastic compression of the electrolyte 

above a location on the electrode results in a reduced rate of ion reduction at that location.83,85 The 

green lines represent deformation in the solid-like electrolyte. In Fig. 1.6d, we discuss the influence 

of a rigid electrolyte during electrodeposition from the protrusion-containing bottom electrode. 

The stress field is identical in this case, but this enhances ion oxidation near the protrusion. This 

effect is labeled 3 on Fig. 1.6c and 1.6d. 

In the case of electrodeposition on the protrusion-containing bottom electrode, the first two 

effects enhance the rate of deposition near the protrusion, while the third effect will suppress the 

rate of deposition. Planar deposition will only occur if the third effect overwhelms the first two. In 

the case of electrodeposition from the protrusion-containing bottom electrode, all three factors 

enhance the rate at which stripping takes place on the protrusion. Here, there are no driving forces 

that oppose planar deposition.  

During lithium plating on to a protrusion, the protrusion may grow faster or slower than the 

surrounding planar electrode depending on the relative magnitudes of the driving forces. However, 

in this framework, we always expect a protrusion to strip faster than a planar electrode due to the 

alignment of the relevant driving forces. Effects such as those related to the solid electrolyte 

interphase (SEI) are not accounted for, although one could imagine the stretching and shrinking of 

an elastic, crosslinked polymeric SEI during plating and stripping may have some effect on the 

forces transmitted to the lithium metal and the electrolyte.  

1.3.4 Evolution of Nonplanar Morphology in Rigid Block Copolymer Electrolytes 

Although electrodeposited lithium may take a wide variety of morphologies in different 

electrolytes, certain morphologies such as voids, globules, and multiglobular structures form the 

overwhelming majority of protruding structures in a rigid block copolymer electrolyte. The 

formation of these structures, which have been discussed by Harry et al.62, will be further 
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introduced in this section. Rare exceptions in protrusion morphology have been observed at high 

current densities and high salt concentrations, but are not further discussed here.67,68 

 

Figure 1.7. Possible outcomes of impurity particle at the electrode/electrolyte interface in a lithium/SEO/lithium 

symmetric cell during unidirectional lithium deposition.  

 

Fig. 1.7 is a schematic of the nucleation and growth of a lithium void and lithium globule 

under conditions of unidirectional lithium deposition. Panel 1 of Fig. 1.7 depicts a lithium 

symmetric cell before the cell is polarized. Two impurity particles are drawn as white triangles at 

the electrode/electrolyte interface. These electrically-insulating impurity particles have been found 

to be scattered randomly through the lithium foil as-received; occasionally, these impurities reside 

at the surface of the foil. More information about the composition of impurity particles can be 

found in the Appendix A.2 of Katherine Harry’s dissertation.9 A volume rendering of impurity 

particles in lithium foil can be found in Chapter 3. Voids, globules, and multiglobular structures 

are only observed to nucleate at impurity particles in the lithium electrode that are located at the 

electrode/electrolyte interface upon charge passage. If the impurity particle is not located at the 

electrode/electrolyte interface, it does not affect lithium electrodeposition. (An attempt to remove 

impurity particles from the lithium electrode is discussed in Chapter 3 of this dissertation.) In panel 

2, a small amount of lithium has been deposited from the top to the bottom electrode. The volume 

of stripped lithium is equal to the volume of deposited lithium. In panel 3, more lithium has been 

deposited from the top to the bottom electrode. On top of the impurity particle on the right, a void 

has formed. A void is defined as a lack of lithium deposited on top of an electronically insulating 

impurity particle. On the right side, a globular protrusion has nucleated. The globule is partially 

buried under the new electrode/electrolyte interface, but a portion of it protrudes above the new 

interface. Although the globule is partially buried, the original location of the nucleating impurity 

particle has not moved. The impurity particle is hypothesized to induce nucleation by causing 

small inhomogeneities in the current density, leading to a break in the SEI.62  
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Figure 1.8. A void, globule, and multiglobular structure in lithium/SEO symmetric cells.  

 

 

Figure 1.9. Formation of a multiglobular structure during repeated plating and stripping of lithium on a 

nucleation site.  

 

Figure 1.8 shows X-ray tomography cross-sectional volumes showing examples of voids, globules, 

and multiglobular structures. Fig. 1.8a shows a void, with more than 100 µm of lithium deposited 

after the initial time. In this case, no electrolyte was trapped in the empty space above the impurity 

particle where no lithium was deposited. Sometimes a bright void will be formed, in which the 

void is filled with bright-looking reacted electrolyte. Fig. 1.8b shows a classic globule, in which 

an impurity particle nucleates a mostly self-contained orb of metallic lithium. The globule is 

separated from the rest of the electrode by a bright layer of reacted electrolyte, which conducts 

lithium ions but not electrons.9 We hypothesize the globule contains metallic lithium, because the 

brightness value of the pixels in the globule is identical to that of the pixels in the metallic lithium 

foil elsewhere. However, the globule must be electronically connected to the rest of the electrode 

in order to provide the electric driving force for further reduction of lithium; we hypothesize that 

a small area of globule near the impurity particle is electrically connected to the rest of the 

electrode. Fig. 1.8c shows a multiglobular structure. These structures are created under cycling 

conditions, wherein lithium is repeatedly deposited and stripped from the same electrode. A 

schematic for the formation of this structure is described in Fig. 1.9.  

 

1.4 X-ray Tomography 

 As referenced in section 1.3.1, X-ray tomography is a useful technique to image the 

interior of a lithium-containing cell. This technique is referenced throughout this dissertation. 

This section provides background on the imaging technique, as well as imaging considerations 
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for polymer/lithium symmetric cells and background on quantitative analysis of tomography 

data.  

1.4.1 Imaging Technique 

 X-ray tomography Tomography is an imaging technique wherein a 3D representation of 

an object containing its digital cross-sections is generated by mathematically reconstructing a 

series of 2D projection images taken from different angles around the object. Hard X-rays are 

particularly suited to this technique because sufficient transmission through an object is required. 

The quality of the resulting tomogram improves with the number of projection images used in the 

reconstruction. Fig. 1.10 shows an example of the relationship between object cross-section and 

number of projection images, reproduced from Chapter 3 of the textbook Principles of 

Computerized Tomographic Imaging.86   

 

Figure 1.10. Influence of number of projections on tomographic reconstruction. Mathematical 

backprojections of an object over (a) 1 projection, (b) 4 projections, (c) 62 projections, and (d) 

512 projections, reproduced from Ref.86  
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Figure 1.11. Schematic workflow to obtain cross-sections of a lithium symmetric cell sample at Beamline 8.3.2 

of the ALS.  

 

Fig. 1.11 shows a schematic workflow of acquiring digital cross-sections of a lithium 

symmetric cell from the Advanced Light Source Beamline 8.3.2, where the tomography in this 

dissertation was conducted. Parallel monochromatic X-rays (most commonly 22 keV for this 

applications) pass through a lithium/SEO/lithium symmetric cell. The X-rays pass through the 

sample before they are converted to visible light by a scintillator. Images are collected with a 

digital camera through an optical lens system. The choice of optical lens magnification determines 

the field of view and the pixel size of the projection image. Once projection images (usually 1313 

for this application) are collected through a 180 degree rotation, the images are reconstructed into 

horizonal cross-sections of the sample.70,87 The orthogonal slice shown in Fig. 1.11 is a vertical 

slice through a series of stacked circular, horizontal cross-sections. The 3D rendering of the 

symmetric cell was digitally created in the visualization program Avizo using the imported 

reconstructed cross-sections.  
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Figure 1.12. Schematic of contrast mechanisms in hard X-ray microtomography. This figure was reproduced 

from Refs.9,70  

 

The two main sources of contrast in X-ray tomography are absorption and phase contrast, 

which are displayed schematically in Fig. 1.12, which is reproduced from Refs.9,70 The mode of 

contrast most relevant to this work is absorption contrast, shown on the left panel, which arises 

from the differences in X-ray absorption between different materials. This results in an intensity 

difference at the detector. A discussion of beam damage can be found in Ref.9 Phase contrast, 

shown on the right, also occurs in the sample where two different materials have an interface. 

When X-rays travel through two different materials, their phases change and the out-of-phase 

waves can interfere. These create bands of adjacent low and high intensity. Phase contrast is 

unwanted for the application discussed here and can be minimized by reducing the sample-to-

detector distance.  
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Figure 1.13. Calculations of transmission through relevant sample materials as a function of photon energy. 

The legend labels respective thicknesses of lithium metal, a hypothetical SEO electrolyte with a 0.085 molar ratio of 

LiTFSI salt to EO monomer unit and a 1:1 molar ratio of PS to PEO, polypropylene, aluminum foil, and nickel foil. 

Calculations were made using the “X-ray transmission of a solid” tool hosted by the Center for X-ray Optics at 

LBNL found at: https://henke.lbl.gov/optical_constants/filter2.html.88  

Fig. 1.13 shows calculation of photon transmission through relevant sample materials as a 

function of photon energy. X-ray energy should be calibrated depending on the sample and the X-

ray source; optimum imaging is obtained at approximately 30% X-ray transmission, but photon 

flux will also vary with energy and is also an important consideration.70 These example 

calculations show X-ray flux through 7 mm of lithium metal and 7 mm of SEO polymer electrolyte. 

In this case, the SEO polymer electrolyte was calculated with a 0.085:1 molar ratio of lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) salt to EO monomer, and 1:1 molar ratio of 

polystyrene (PS) monomer to ethylene oxide (EO) monomer. End groups were neglected. 

Electrolyte density was taken to be 1340 g/L from Villaluenga et al.39 For reference, transmission 

curves through thinner layers of aluminum and polypropylene (PP), both components of pouch 

material, are included on the plot. In addition, the effect of a 50 µm layer of nickel foil in the beam 

is plotted: this is not tolerated.  

 

1.4.2 Cell Schematic and Imaging Considerations 

Fig. 1.14 shows a schematic of the cell used for time-stop tomography in this study. Thick 

~450 µm layers of lithium metal sandwich the ~30 µm membrane. Nickel foil is used to prevent 



 

20 

 

the lithium from contacting and reacting with other materials. Two thin stainless steel shims are 

used to keep the sample flat. Aluminum tabs can be attached to the shims and do not overly 

interfere with imaging (Fig. 1.13). As constructed, this cell does not need to be disassembled 

between electrochemical perturbation and X-ray tomography imaging.  

 

Figure 1.14. Schematic of lithium symmetric cell design. A cell designed to be cycled and imaged using X-ray 

tomography extends symmetrically out from a disc of polymer electrolyte membrane. The membrane is sandwiched 

with thick layers of lithium, which are backed with nickel foil and kept flat by stainless steel shims. Aluminum tabs 

are used as they are sufficiently X-ray transparent. The orange plane is a reference slice marking the yz vertical 

plane. The entire cell is sealed with polypropylene-lined pouch material such that only the tab ends protrude.  

Fig. 1.15 shows a series of single-projection-image-level influences on the resolution of the 

eventual reconstruction. The cylindrical field of view is centered on the center of rotation of the 

sample stage, and the diameter of the field of view is a function of the chosen magnification. Panel 

a shows a regular image. Panel b shows a scan where tomogram resolution may be reduced because 

of unnecessary phase contrast. The long lithium/SEO interface in line with the X-rays provides 

repeated opportunities for phase contrast. Panel c shows a sample orientation and angle in which 

much of the desired volume is blocked by the stainless steel shims. Panel d shows a sample with 

a sample center mismatched to the center of rotation. Since only part of sample remains 

continuously in the imaged 3D field of view, only that part will be accurately reconstructed. Panel 

e shows a large sample with material outside of the field of view. This excess material reduces 

transmission and may provide opportunities for increased phase contrast outside of the region of 

interest.  
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Figure 1.15. Schematic of common causes at the imaging state of reduced tomogram resolution. (a) a regular 

scan, (b) a scan with increased phase contrast, (c) a scan with vertically limited effective field of view, (d) a scan 

with horizontally limited effective field of view, and (e) a scan with a significant amount of the sample out-of-focus.   

1.4.3 Quantitative Analysis 

Direct imaging of lithium morphology has provided useful insight into the nature of lithium 

metal electrodeposition, and X-ray tomography has been increasingly used to examine liquid, 

polymer, and solid electrolytes.37,60,67–69,89,90 However, extracting quantitative information such as 

spatial current density requires accurate, time-resolved visualization of an appropriate system 

followed by careful analysis, and therefore remains rare.38,42,91,92 For example, a quantitative 

calculation of current density requires (1) a reaction with a known relationship between a 
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measurable parameter and electron count, (2) a measurable parameter visible at a resolution of 

multiple voxels changing per time-step, (3) a visualized volume able to be quantitatively registered 

in space with respect to a previously visualized volume. In the case of metallic lithium reduction 

and oxidation, requirement (1) is satisfied with Eq. 1.2 and 1.3,  

Li+ + e− → Li (1.5) 

Li → Li+ + e−, (1.6) 

showing the 1:1 relationship between an atom of metallic lithium an electron. Because in our 

analysis we begin with the volume change of metallic lithium, the calculated current density is the 

current density specifically with respect to Eq. 1.5 and 1.6 Requirement (2) is satisfied in our 

system because our time steps are chosen such that the height of lithium at each position changes 

by multiple voxels between time steps. Requirement (3) is satisfied because our sample has static 

reference points present in the same volume at different times. These can be used to digitally align 

volumes with respect to each other in the software Avizo. More detail on image processing of 

tomography data can be found in Appendix I of this dissertation.  

 

Figure 1.16. Basis of quantitative analysis of time-stop tomograms. From left to right, panel (a) shows a planar 

electrode in contact with a planar electrolyte. With increasing lithium deposited, panels (b) and (c) show the result of 

a higher current density towards lithium electrodeposition. From right to left, the same panels show the stripping of 

lithium from an electrode surface over time.  

 

Fig. 1.16 shows a 2D schematic of the quantitative 3D local current density calculations first 

completed by Harry et al.38 Metallic lithium is shown in blue and polymer electrolyte is shown in 

yellow. A higher current density at a specific location corresponds to a higher rate of change of 

the volume of lithium at that location. Resolution of the current density is directly related to the 

volume of a single voxel in the 3D reconstruction.  The current density,𝑖, can be quantified using 

the following equation 

𝑖 =
∆𝑉

𝐴
∙

1

𝑣
∙ 𝐹 ∙

1

∆𝑡
, (1.7) 



 

23 

 

where 𝑗 corresponds to the local current density at a specific pixel location in [
𝐴

𝑐𝑚2
], 

∆𝑉

𝐴
 corresponds 

to the volume change of lithium over the area of the specific pixel in [
𝑐𝑚3

𝑐𝑚2], 𝑣 corresponds to the 

tabulated molar volume of lithium metal in [
𝑐𝑚3

𝑚𝑜𝑙
], 𝐹 corresponds to the Faraday constant in [

𝐶

𝑚𝑜𝑙
], 

and ∆𝑡 corresponds to the amount of time over which the volume change of lithium occurred in 

[𝑠].  

1.5 Outline of Dissertation 

In this dissertation, the growth of lithium protrusions through rigid block copolymer 

electrolytes in lithium metal symmetric cells is explored. X-ray tomography is used to visualize 

lithium deposition. Electrochemical techniques are used to characterize ion transport in a series of 

electrolytes. Chapter 2 describes the effect of current density on the protrusion nucleation rate, 

failure rate, and lithium deposition morphology in lithium symmetric cells. Chapter 3 reports the 

effect of reducing the concentration of protrusion-nucleating impurity particles in the lithium 

electrode on symmetric cell cycle life. Chapter 4 reports the visualization and quantification of 

preferential stripping from a lithium protrusion. Chapter 5 describes correlations between local 

current density, position, and interelectrode distance for a protrusion under plating and stripping 

conclusions. Chapter 6 describes the electrochemical characterization, including limiting current 

measurements, of a series of high molecular weight block copolymer electrolytes at a range of salt 

concentrations. Chapter 7 provides a summary of the research presented in this dissertation.  
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2. Growth of Lithium Dendrites and Globules through a Solid Block 

Copolymer Electrolyte as a Function of Current Density2 

 

 

ABSTRACT 

 

The uncontrollable non-planar electrodeposition of lithium is a significant barrier to the 

widespread adoption of high energy density rechargeable batteries with a lithium metal 

anode. A promising approach for preventing the growth of lithium dendrites is the use of 

solid polymer electrolytes with a high shear modulus. Current density is the key variable 

in the electrodeposition of lithium. The present study is the first attempt at quantifying 

the effect of current density on the geometry and density of dendrites and other 

protrusions during electrodeposition through a solid polymer electrolyte. The geometry 

and density of defects formed on the lithium electrode were determined by X-ray 

microtomography. The tomograms revealed protrusions on the electrodeposited lithium 

electrodes that were either globular or dendritic, or void defects. The range of current 

densities over which stable, planar deposition was observed is quantified. At higher 

current densities, globular protrusions were observed. At the highest current density, both 

globular and dendritic protrusions were observed. The areal density of protrusion defects 

increased sharply with current density, while the overall defect density is a weak function 

of current density. Our work enables comparisons between the experimentally determined 

onset of non-planar electrodeposition and prevailing theoretical predictions with no 

adjustable parameters.  

 

2.1 Introduction 
 

 Rechargeable batteries are indispensable in the emerging clean energy landscape; 

especially relevant will be safe, high energy density batteries necessary for the next generations of 

electric vehicles.1,2 Batteries that incorporate a solid lithium anode have drawn interest for their 

significant improvements over Li-ion gravimetric and volumetric energy density.5–7 In addition, a 

lithium metal anode is necessary to enable battery chemistries such as Li-sulfur and Li-oxygen, 

which have theoretical energy densities comparable to that of octane.10 However, a longstanding 

challenge in rechargeable lithium metal batteries is a tendency to fail due to the growth of 

protruding lithium dendrites from the metal anode as the battery is charged.13,93,94 A promising 

approach for preventing the growth of lithium dendrites is through the use of solid polymer 

electrolytes with a high shear modulus.  

 

 Lithium dendrites, and the analogous globules observed in solid polymer electrolytes, are 

a manifestation of uneven current density at the electrode. It is apparent that the formation of 

lithium dendrites is affected by current density, yet we know of no systematic studies of the effect 

 
2
 Portions of this chapter are adapted from Maslyn, J. A.; Loo, W. S.; McEntush, K. D.; Oh, H. J.; Harry, K. J.; 

Parkinson, D. Y.; Balsara, N. P., Growth of Lithium Dendrites and Globules through a Solid Block Copolymer 

Electrolyte as a Function of Current Density, Journal of Physical Chemistry C, 2018, 122(47) 26797-26804. Written 

permission was obtained from the co-authors. 
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of current density on their density and morphology in solid polymer electrolytes. Current density 

has been shown to affect lithium deposition morphology in organic liquid12,40 and liquid polymer 

electrolytes41,42,95,96, as well as solid inorganic electrolytes.97,98 Liquid electrolytes do not have an 

appreciable shear modulus to counteract the driving forces for lithium dendrite propagation. 

Inorganic solid electrolytes exhibit a dendritic growth mechanism dependent along grain 

boundaries.23 Many previous studies on this subject are restricted to an idealized geometry to 

accommodate visualization by optical microscopy with several hundred microns between working 

and counter electrode.41,42,95,96 Electrodeposition of lithium on lithium with an interelectrode 

distance on the order of tens of microns is more relevant to rechargeable batteries. In the field of 

solid polymer electrolytes, there have been few studies wherein lithium dendrite growth has been 

studied as a function of a single parameter.37,99 Most studies in the literature report on the 

development of new electrolytes and demonstrate improved performance at a fixed current 

density.36,99–104  

 

 In this paper, we study the effect of current density on the electrochemical deposition of 

lithium metal through a solid block copolymer electrolyte. In addition to electrochemical 

characterization, we use the non-invasive technique of synchrotron X-ray tomography to 

determine the nature and density of protrusions created by electrodeposition.  The electrolyte is a 

nanostructured polystyrene-block-poly(ethylene oxide) (PS-b-PEO, or SEO) block copolymer in 

which lithium bis(trifluoromethanesulfone)imide (LiTFSI) salt is dissolved. This solid electrolyte 

comprises alternating c.a. 60 nm thick PS-rich and PEO-rich lamellae. LiTFSI selectively 

partitions to the PEO-rich lamellae.105 This electrolyte combines two desired properties that are 

ordinarily mutually exclusive: soft PEO domains solvate and conduct lithium ions, while stiff PS 

domains lend mechanical rigidity to the solid electrolyte. The effect of mechanical rigidity on 

lithium deposition was first modeled in pioneering work by Monroe and Newman.17,83 More recent 

work by Barai et al. has elucidated the effect of current density and mechanical rigidity on lithium 

deposition.81,106 Notably, Barai et al. identified regimes of dendritic and non-dendritic lithium 

deposition as a function of current density and electrolyte modulus. Our approach allows for an 

experimental test of this theory with no adjustable parameters.  

 

2.2 Experimental Methods 
 

2.2.1 Anionic synthesis and polymer purification. The polystyrene-block-poly(ethylene oxide) 

(SEO) diblock copolymer was synthesized via sequential high-vacuum living anionic 

polymerization, using sec-butyllithium as the initiator for styrene polymerization and P4 tert-

butylphosphazene base as the promoter for the polymerization of ethylene oxide.107–109 Trace 

impurities encountered before the ethylene oxide extension step resulted in dead polystyrene 

homopolymer chains. Polymers were precipitated in hexanes and then decanted to remove residual 

small molecules that originated from the synthesis process. The polymers were then re-dissolved 

in benzene and precipitated two times in hexanes. Then, polymers were subjected to an additional 

purification step to remove excess polystyrene homopolymer using cyclohexane, in which PS has 

limited solubility and PEO is not soluble. First, the polymer was re-dissolved in benzene and 

precipitated in a mixture of hexanes and cyclohexane. The precipitate was isolated and stirred in 

cyclohexane at room temperature. Then, the process was repeated until gel permeation 

chromatography (GPC) measurements indicated polymer with a unimodal size distribution. The 

relevant properties of the SEO copolymer used in this study are provided in Table 2.1, where ϕEO 
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refers to the volume fraction of PEO. GPC was conducted on an Agilent 1260 Infinity Series fitted 

with Water Styragel HR 3 and 4 columns. The polydispersity index (PDI) was measured as 1.1 

using a polystyrene standard. The morphology of the block copolymer is lamellar by volume 

fraction with an approximate domain spacing of 120 nm.  

 
Table 2.1 Properties of the polymer used in this study 

Polymer MPS 

(kg mol-1) 

MPEO 

(kg mol-1) 

φEO 

 

SEO(115-172) 115 172 0.59 

 

 

2.2.2 Li-SEO-Li symmetric cell assembly. Lithium metal foil was purchased from FMC Lithium 

at 99.9% purity. The foil thickness was 150 μm. All sample preparation was performed in a glove 

box filled with Argon gas. A 1/2 or 7/16-inch diameter metal punch was used to cut a polymer 

electrolyte disc from the previously cast electrolyte film. Three layers of lithium metal foil were 

stacked on top of a piece of nickel foil, and then pressed at 130 MPa until flat and shiny inside 

pouch material with a pneumatic press. The lithium electrodes were made by using a 7/16 or 3/8-

inch punch to cut through the three layers of lithium foil and nickel foil backing. The two, 450 μm 

thick, lithium electrodes were used to sandwich the polymer electrolyte membrane. Two 0.25 mm 

thick stainless steel shims were placed above and beneath the cell to keep the cell flat. Aluminum 

current collector tabs were then affixed to the stainless steel shims and the sample was vacuum 

sealed in polypropylene-lined aluminum pouch material. 

 

2.2.3 Conditioning and polarization. Cells were galvanostatically cycled or polarized in an 

Associated Environmental Systems SD-402 oven using a Maccor Series 4000 Battery Tester. Cells 

were allowed to equilibrate at the temperature of interest for at least an hour before a current was 

imposed. Cells were occasionally paused during conditioning or polarization for practical reasons 

(e.g., while removing a failed cell). Each cell was subjected to fourteen conditioning cycles at 90 

°C. During each cycle, a current density of 0.02 mA cm-2 was imposed in one direction for 4 hours, 

followed by a 45 min rest period, followed by the imposition of a constant current density of 0.02 

mA cm-2 in the opposite direction, followed by another 45 min rest period. The thickness of lithium 

transferred between the electrodes in each half cycle at 0.02 mA cm-2 was 0.4 μm. Cells were then 

polarized with various current densities at 90 °C between 0.04 mA cm-2 and 0.64 mA cm-2 until a 

sudden drop in the voltage required to maintain the target current density was observed. This was 

taken as the signature of a dendrite short. 

 

2.2.4. Linear rheology measurements. A neat polymer sample disk of diameter 8 mm and 

thickness 0.6 mm (final thickness after applying normal force) was prepared according to the 

method described by Schauser et al. 37 Temperatures used for measurements were 120, 110, 100, 

and 90 °C.  Due to limited material, only one sample was made but measurements at 90 and 100 

°C, at and near the temperature of interest, were repeated multiple times. 

 

2.2.5 X-ray microtomography. The cells were imaged using hard X-ray microtomography at the 

Advanced Light Source at Lawrence Berkeley National Laboratory. Monochromatic hard X-rays 

with energy 22 keV at beamline 8.3.2 at the Advanced Light Source at Lawrence Berkeley 
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National Laboratory illuminated the entire sample, and the X-ray shadow cast by the sample was 

converted into visible light using a scintillator. An optical microscope magnified this image and 

converted it into a digital image file. The sample was then rotated by a fraction of a degree and 

repeatedly imaged until 1,025 images were collected from the sample as it was rotated through 

180°. After a series of data processing steps using the software Xi-Cam, these shadow images were 

converted to cross-sectional slices that were then stacked together to render a 3D reconstruction of 

the cell. Cells were not removed from their original pouching configuration before being imaged 

with a 2x and/or 5x lens, corresponding to a pixel size of approximately 3.25 μm or 1.3 μm, 

respectively. Cross-sectional slices were stacked and rendered by the software ImageJ to be 

inspected for features of interest. Reconstructed three dimensional (3D) images were analyzed 

using the commercially available Avizo software package. Data acquisition and analysis builds on 

methods described by Harry et al. 60 

 

2.3 Results and Discussion 
 

 Each lithium-polymer-lithium cell was first conditioned identically at a low current density 

as described in the methods section, then galvanostatically polarized at a fixed current density of 

interest until the cell failed by short circuit. Figure 1a shows typical voltage versus time data 

obtained during polarization. After one hour of equilibration at 90 °C, a current density, i, of 0.32 

mA cm-2 was imposed on this cell. The resulting voltage, shown in Figure 2.1a, was nearly constant 

for about 17 hours, after which a precipitous drop in voltage occurred, indicating cell failure by 

short circuit. Following short circuit failure, the current flow was halted and the cell was imaged. 

For all cells, charge was passed in only one direction, as shown in Figure 2.1a. Experiments of this 

type were repeated at several current densities ranging from 0.04 to 0.64 mA cm-2, and the results 

are shown in Figure 1b on a plot of Cd versus i. The charge passed before failure, Cd, is calculated 

using the time of failure and the imposed current density.  It is evident that Cd is a sensitive function 

of i, decreasing monotonically as i is increased from 0.08 to 0.64 mA cm-2. The asterisk in Figure 

1b at 0.04 mA cm-2 indicates these cells did not fail in spite of galvanostatic polarization for 900 

hours. Thus, the reported value of Cd at this current density may be considered as the lower limit.  
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Figure 2.1 Galvanostatically polarized cell data. Data obtained from galvanostatically polarized lithium-polymer-

lithium symmetric cells. (a) Typical voltage versus time profile. The dashed line gives the applied current density, i, 

and the solid line gives the voltage response, V.  The sudden drop in voltage at t = 17 h is indicative of a short circuit 

failure due to the growth of lithium protrusions. (b) The average charge passed per area before failure, Cd, versus 

applied current density, i. Cd decreases dramatically with increasing current density. The asterisk at i = 0.04 mA cm-2 

indicates these cells had not failed at the time point used to calculate Cd, (t = 900 h). The inset rescales the y-axis to 

logarithmic. 

 

 Figure 2.2 shows a cross section of a polarized cell acquired using X-ray tomography. This 

cell was polarized at i = 0.04 mA cm-2 for 900 h. Under these conditions, a large fraction of the 

lithium in the top electrode was deposited onto the bottom electrode – the thickness of the 

deposited lithium layer is calculated to be 175 μm. The measured height of electrodeposited 

lithium is about 190 μm. The bright band near the top of the cross section in Fig. 2.2 represents 

the electrolyte. Also shown in Fig. 2.2 is the approximate location of the lithium-polymer interface 

at the initial time, t = 0. Only planar lithium electrodeposition was observed in this cell – no 

protruding features were discernable on the bottom electrode. Thus, we have evidence of a low 

current density regime where dendrite nucleation and growth is entirely suppressed.   

 

 
Figure 2.2 Representative cross section of polarized cell. Representative cross section of cell polarized at i = 0.04 

mA cm-2 for t = 900 h acquired using X-ray tomography. Lithium was deposited downward through the polymer 

electrolyte, which appears as a light band extending across the cell near the top of the cross-section. No lithium 

protrusions were observed. This cell did not short circuit. The yellow arrow shows the thickness of the 

electrochemically deposited lithium, 190 μm, at a representative location based on the analysis of the tomograms, 

using the electrolyte’s original position at the edge of the cell as a reference point.  The light blue arrow shows for 

comparison the estimated thickness of electrochemically deposited lithium, 175 μm, based on the current passed 

through the cell. 

 

The deposition of protruding lithium defects was observed at current densities greater than i = 

0.04 mA cm-2. The three kinds of defective lithium deposition that we will report in this paper are 

shown schematically in Fig. 2.3. All of the defects are nucleated on crystalline impurities. We 
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hypothesize that the impurities are crystals of Li3N or Li2O. All of the impurities expected in 

lithium metal are electronic insulators, and we thus expect them to have similar effects on lithium 

deposition. In Fig. 2.3a, we show a void defect, wherein lithium deposition is suppressed in the 

vicinity of the impurity due to its insulating character. Fig. 2.3b shows a globular protrusion. This 

is attributed to local disruption of the solid electrolyte interphase in the vicinity of the impurity. 

Fig. 2.3c shows a non-globular, branched structure nucleated at an impurity - this shape most 

closely resembles the classical dendrite. The depictions in Fig. 2.3 are based on data we will 

present shortly, and build on previous studies by Harry et al.60,62  

 

 

 
 
Figure 2.3 Schematic of defect types. A schematic showing the three types of defects observed in this study: (a) a 

void defect, (b) a protruding lithium globule, and (c) a protruding non-globular dendrite. In each case, the triangle 

signifies a crystalline impurity particle, which is observed to be the nucleating site for defective deposition. 

 

 Figure 2.4 shows examples of defective lithium deposition inside failed cells observed by 

X-ray tomography. In Fig. 2.4a, X-ray tomography results obtained at i = 0.08 mA cm-2 are shown. 

This cell failed at Cd = 50.1 C cm-2, corresponding to 68 microns of lithium deposition. Most of 

the defects at this current density are voids, and lithium deposition is planar. Fig. 2.4b shows X-

ray tomography results obtained at i = 0.32 mA cm-2. This cell failed at Cd = 18.7 C cm-2, 

corresponding to 25 microns of lithium deposition. Here we see the formation of a globular defect. 

At intermediate current densities such as i = 0.32 mA cm-2, we observe both voids and globular 

defects. In Fig. 2.4c, X-ray tomography results obtained at i = 0.64 mA cm-2 are shown. This cell 

failed at Cd = 0.92 C cm-2, corresponding to 1.2 microns of lithium deposition. Here, we see the 

formation of a non-globular dendrite. The protrusion shown exhibits branching and a small tip 

radius. At this current density, we observe voids, globular defects, and non-globular dendrites. 

Despite the relatively large current density, all protrusions were observed to nucleate at an impurity 

particle. Figures 2.3 and 2.4 are parallel to each other: Figure 4 shows data corresponding to the 

idealized schematics in Figure 2.3.  
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Figure 2.4 Observed defect types. Examples of defective lithium deposition observed in this study by X-ray 

tomography. The top row shows an orthogonal cross-section through the defect. The bottom row shows a 3D rendered 

volume that includes the defect. In the 3D rendering, the lower interface between electrolyte and lithium is highlighted. 

The impurity particle, present in each tomogram, is colored green. Lithium is deposited from top to bottom. The 

current densities used to polarize the cells are indicated, along with the calculated average thickness of lithium, hLi,calc, 

deposited on the bottom electrode. The yellow arrows are used to estimate the actual thickness of lithium deposited, 

using the impurity particle as a reference point. In the third cell, not enough lithium was deposited to label the figure. 

(a) a void defect, (b) a protruding lithium globule, and (c) a protruding non-globular dendrite. 
 

 We observed two classes of failures in short-circuited cells. We refer to the first class as 

defect-driven failure: an example is shown in Fig. 2.5a, where we show X-ray tomography results 

of a cell polarized at i = 0.32 mA cm-2. In this class, we observe an electrolyte-spanning protrusion 

nucleated on an impurity particle. We refer to the second class as fabrication-related failure: an 

example is shown in Fig. 2.5b, where we show results from a cell polarized at i = 0.08 mA cm-2. 

In this class, the cell contains no protrusion defects (either globular or non-globular). Instead, we 

see a break in the electrolyte layer and a concomitant merging of the top and bottom electrodes. It 

is reasonable to expect that the electrolyte thickness in our cells is not perfectly uniform. We posit 

that the cell failure mode shown in Fig. 2.5b occurs due to a local thin spot in the electrolyte 

membrane. The impurity particles in Fig. 2.5b result in the formation of void defects, which do 

not adversely affect cell lifetime. Note that the length scale of the two kinds of failures is very 

different: protrusions are tens of microns wide, while fabrication-related failures extend across 

hundreds of microns.  
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Figure 2.5 Comparison of modes of cell failure. Comparison of defect-driven and fabrication-related modes of cell 

failure. The top row shows an orthogonal cross-section through the defect. The bottom row shows a 3D rendered 

volume that includes the defect. In the 3D rendering, the lower interface between electrolyte and lithium is highlighted. 

(a) A cell polarized at i = 0.32 mA cm-2 was short-circuited at t = 0.7 h and an average of 1.1 μm of lithium plated due 

to the formation of a lithium globule. (b) A cell polarized at i = 0.08 mA cm-2 was short-circuited at t = 174 h and an 

average of 68 μm of lithium plated when lithium deposited preferentially through a local thin spot in the polymer 

electrolyte. 
 

 At i = 0.08 mA cm-2, we observed two populations of cells with very different lifetimes. 

Cells that contained signatures of defect-driven failure (i.e., a globular defect nucleated on an 

impurity particle) exhibited an average lifetime of 10 hours. In contrast, cells that contained 

signatures of fabrication-related failure exhibited an average lifetime of 181 hours. The deleterious 

effect of dendrite growth on cell lifetime is clear. At i ≥ 0.16 mA cm-2, all cells exhibited defect-

driven failure.  

 

 The morphology and density of defects are correlated to current density. After imaging a 

failed symmetric cell by X-ray tomography, the number of defects per unit area counted manually.  

At each current density, we examined 3 to 5 independent cells, except at i = 0.64 mA cm-2 where 

we examined 2 cells.  In each cell, an area of 8.7 mm2 was examined, which was the entire field 

of view at the magnification chosen (5x lens). Our observation of defects is thus based on 13 

independent cells with a total area of 113 mm2.  (We ran a total of 25 cells.  In spite of our best 

effort to maintain the same instrument configuration, some of the tomograms were not as clear as 

others.  For quantification of defect types, we thus chose the 13 cells with the clearest tomograms.)  

In Table 2.2, we quantify our observations by reporting the areal density of each defect type 

observed in failed cells as a function of current density. Non-globular dendrites are only observed 

at the highest current density (i = 0.64 mA cm-2). While some of the observed defects at this current 

density were clearly dendritic, as shown in Figure 2.4c, others were globular. Below this current 

density, all of the protruding defects observed were globular. We use the symbol P to quantify the 

areal density of protruding defects, both globular and non-globular. We use the symbol V to 

quantify the areal density of void defects. The dependence of P and V on i is presented in Table 

2.2. Generally, void density decreases slightly with increasing current density. (Average void 

density was not calculated at i = 0.04 mA cm-2 because the cells did not fail.) In contrast, protrusion 
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density increases significantly with increasing current density. Since both void and protrusion 

defects are nucleated at impurities, one might expect this sum to be related to the number density 

of impurity particles in the lithium electrode. This is consistent with our observation that (V + P) 

is weakly correlated to current density (see Table 2.2).  

 
Table 2.2 Cell lifetime and defect density in failed cells as a function of current density. 

Current Density, i 

[mA cm-2] 

Average Cd     

[C cm-2] 

Average void density, 

V [mm-2] 

Average protrusion density, 

P [mm-2] 

Average defect 

density, (V + P)  

[mm-2] 

0.04 129.6* 
 

0  

0.08 31.2 2.2 0.11 2.3 

0.16 13.05 1.3 0.77 2.1 

0.32 7.18 1.8 1.0 2.8 

0.64 1.29 1.4 2.1 3.5 

*These cells did not fail in spite of galvanostatic polarization for 900 hours. Thus, the reported 

value of Cd at this current density may be considered as the lower limit.  

 

 
 
Figure 2.6 Correlation between current density and defect density in failed cells. (a) The areal density of 

protruding defects, P, increases with current density. (b) The protrusion fraction, fP, also increases with current density. 
 

 

 In Figure 2.6a, we show that P is a monotonically increasing function of i. At i = 0.04 mA 

cm-2, P = 0, i.e., no globules or non-globular dendrites were observed at this current density. At i 

= 0.08 mA cm-2, we observe two populations of cells: some cells exhibited globular defects, while 

others did not. The two data points at this current density in Fig. 2.6a reflect this fact. At higher 

current densities, all cells exhibited protruding defects. In Figure 2.6b, we plot the fraction of 

protruding defects, fP, defined as  

 

 Protrusion fraction,  𝑓𝑃 =
𝑃

𝑉+𝑃
 (2.1) 
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as a function of i. The data in Fig. 2.6a and 2.6b indicate that the probability of nucleating 

protrusion defects at impurities increases with increasing current density.  

 

 
Figure 2.7 Linear rheology. Frequency dependence of shear (a) storage, G’, and (b) loss, G”, moduli measured at 

90, 100, 110, and 120 °C. Error bars represent 3 measurements taken and averaged at 100 °C and 90 °C, the 

temperature of interest.  

 

 Fig. 2.7a and 2.7b show the measured shear storage (G’) and loss (G”) moduli, respectively, 

of the polymer used in this study at a range of temperatures from 90 – 120 °C. At 90 °C, the 

temperature of interest, G’ is nearly independent of frequency (about 2 x 107 Pa), and G’ is a factor 

of 5 larger than G”. These are signatures of an elastic solid. Monroe and Newman first proposed 

that the parameter that governs lithium dendrite growth is the ratio of the shear moduli of separator 

and electrode, here the SEO electrolyte and lithium metal, GSEO/GLi. 83 We have used the 3.4 GPa 

value as GLi, identical to that used by Barai et al. and Monroe and Newman, to calculate this 

ratio.81,83 GSEO = 0.02 GPa, the low frequency value of G’ at 90 °C. In principle, we should use the 

shear modulus of a lithium metal protrusion at 90 °C. To our knowledge, the shear modulus of 

lithium at 90 °C has not yet been reported; however, there is evidence that the shear modulus will 

have a weak dependence on temperature.110 It is important to recognize that recent work by Xu et 

al.110 and Herbert et al.111 suggests that the modulus of lithium dendrites may be substantially 

higher than that of bulk lithium metal and have a strong dependence on crystallographic 

orientation, a complication that was not included in the work of Monroe and Newman and Barai 

et al. All of these complications notwithstanding, we compare our results with  the simulations of 

Barai et al., who predicted the stability of lithium deposition as a function of i and GSEO/GLi. 81   
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Figure 2.8 Observed lithium protrusions. Nature of observed lithium protrusions as a function of current density, i, 

and charge passed before failure, Cd. Observation of no protrusion nucleation at low current densities (yellow area), 

globules at medium current densities (green area) and non-globular dendrites at high current densities (blue area). The 

asterisk at i = 0.04 mA cm-2 indicates these cells had not failed at the time point used to calculate Cd, (t = 900 h).  (a) 

Cd as a function of i. (b) Normalized current density, i/iL, as a function of Cd, where iL is theoretical limiting current 

(Eq. 2)17.  
 

 Fig. 2.8a describes the effect of current density on the nature of lithium deposition, using 

Fig. 2.1b as the basis. At very low current densities, protrusion nucleation and growth is suppressed 

and no defect-driven failures are observed. At intermediate current densities, partial suppression 

leads to the observation of lithium globules. At high current densities, globular and non-globular 

dendrites are observed, along with extremely short cell lifetimes. Fig. 2.8b recasts Cd as a function 

of normalized current density, i/iL. Normalized current density is defined as the current density 

applied to the cell divided by the theoretical limiting current as defined by Monroe and Newman 

(Eq. 2.2).17 The parameters used to calculate iL are given in Table 2.3. 

 

 𝑖𝐿 =
2𝑐𝐷𝐹

𝐿(1−𝑡𝐿𝑖)
 ≈ 3.8 mA cm−2 (2.2) 

 
Table 2.3 Parameters used to estimate limiting current. 

Parameter Value 

𝑐, bulk concentration of salt in the PEO 

domains of the electrolyte39 
1.66 × 10−3 [

𝑚𝑜𝑙

𝑐𝑚3
] 

𝐷, salt diffusion coefficient39 
4.5 × 10−8 [

𝑐𝑚2

𝑠
] 

𝐿, electrolyte thickness 40 × 10−4 [𝑐𝑚] 
𝑡𝐿𝑖, transference number of the lithium ion39 0.05 

 

The qualitative trend demonstrated in Fig. 2.8 by experiment is consistent with the trend 

calculated theoretically by Barai et al., who predicted stable lithium deposition at low current 
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densities and unstable lithium deposition at high current densities. The predicted value of i/iL at 

the crossover between stable and unstable deposition for GSEO/GLi ≈ 0.006 (we use GLi ≈ 3.4 GPa 

and GSEO = 0.02 GPa) is about 0.39. (Using the GLi ≈ 9 GPa value suggested by Xu et al. for (100) 

Li pillars leads to a crossover i/iL ≈ 0.32 which is not very different from 0.39 determined 

above.)110 In contrast, the experimentally determined value of i/iL at this crossover is about 0.02. 

The experimentally determined crossover from globular to dendritic protrusions, which occurs at 

i/iL of about 0.13, is also significantly lower than theoretical prediction. Three possible reasons for 

the discrepancy between theory and experiment are: (1) The theoretical model applies to lithium 

metal anodes devoid of impurities, while our experiments suggest that impurities play an important 

role. It is conceivable that the current distributions in our experimental cells in the vicinity of the 

impurities are very different from those in the model. (2) The theoretically predicted limiting 

current density based on Eq. 2.2 may be significantly different from the practical limiting current 

density, due to factors, such as ion transport parameters and block copolymer microstructure, that 

are highly dependent on salt concentration.28 (3) The shear modulus of lithium used to make the 

theoretical calculation, 3.4 GPa, does not take into account geometry and crystallographic 

orientation, and may not reflect the mechanical properties of the lithium protrusion.  

 

2.4 Conclusions 
 

 The effect of current density on defective lithium deposition in symmetric lithium-

polymer-lithium cells was studied by X-ray microtomography. We are particularly interested in 

the growth of protrusions, which are either globular or dendritic. These defects were nucleated on 

insulating impurity particles in the lithium electrode. At low current densities (i = 0.04 mA cm-2), 

planar lithium deposition without protrusions is observed. As current density increases (0.08 ≤ i ≤ 

0.32 mA cm-2), globular protrusions are obtained. At the highest current density (i = 0.64 mA cm-

2), globular and dendritic protrusions are obtained. The areal density of protrusions increases 

monotonically with increasing current density. The lifetime of the symmetric cell correlates with 

the areal density of protrusions. Our experimental findings were compared to the theoretical 

predictions of Barai et al.81, using the measured modulus of the polymer and an estimate for the 

limiting current density, without resorting to any additional adjustable parameters. The 

experimentally determined onset of non-planar lithium deposition occurred at a current density 

about a factor of twenty lower than that predicted by Barai et al. An important limitation of current 

lithium electrodes is the presence of numerous impurity particles.  It is conceivable that the current 

density range over which planar lithium deposition occurs would increase dramatically is such 

electrodes were available. We hope that our work will motivate the manufacture of such electrodes 

in the near future. 
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3. Extended Cycling through Rigid Block Copolymer Electrolytes 

Enabled by Reducing Impurities in Lithium Metal Electrodes3 

 

 

ABSTRACT 

 

Successful prevention of lithium dendrite growth would enable the use of lithium metal 

as an anode material in next-generation rechargeable batteries. Mechanically stiff block 

copolymer electrolytes have been shown to prolong the life of lithium metal cells by 

suppressing lithium dendrite growth. However, impurity particles that are invariably 

present in the lithium metal nucleate electrodeposition defects that eventually lead to 

short-circuits. In this study, we use X-ray tomography to study the morphology of 

electrodeposited lithium in symmetric cells containing a block copolymer electrolyte. An 

“electrochemical filtering” treatment was performed on these cells in order to reduce the 

concentration of impurity particles near the electrode-electrolyte interface, and cells were 

cycled to determine the effects of the treatment on lifetime. Depending on the treatment 

details, average charge passed before failure was improved by 30-400%. For a cell in 

which the treatment was most effective, cycle life was increased by more than an order 

of magnitude and the measured defect density was negligible. Other treated cells, 

however, in which the treated lithium was imperfect, had a higher areal density of defects 

compared to control cells. A majority of the defects in treated cells were confined within 

the electrodes. In contrast, most of the defects seen in the control cells were protrusions 

that invaded the electrolyte phase. The increased lifetime in these imperfectly treated cells 

was not due to a reduction in defect density, but rather due to the differences in defect 

morphology. These results motivate the development of deposition defect- and impurity-

free lithium metal electrodes.  

 

3.1 Introduction 
 

 The theoretical energy density of batteries incorporating a lithium metal anode is 

significantly higher than that of current lithium-ion batteries. There are, however, significant 

problems that preclude the development of practical rechargeable batteries with these anodes. A 

major factor that limits the cycle life of cells containing metallic lithium is the morphology of 

electrodeposited lithium. Protruding lithium structures, often called “dendrites” after the branched 

morphology of lithium deposition observed in liquid electrolytes, can span the electrolyte and 

cause a short-circuit. Studies of the development of these structures are important to fundamentally 

understand the nature of lithium electrodeposition through different electrolytes. X-ray 

 
3 Reprinted (adapted) with permission from Maslyn, J. A.; Frenck, L.; Loo, W. S.; Parkinson, D.; Balsara, N. P. 

Extended Cycling through Rigid Block Copolymer Electrolytes Enabled by Reducing Impurities in Lithium Metal 

Electrodes. ACS Applied Energy Materials, 2019, 2, 11, 8197-8206.Permission was obtained from co-authors. 
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tomography is a powerful technique for determining the three-dimensional morphology of 

electrodeposited lithium through both liquid63,65,89,112 and solid polymer37,38,60–62,67 electrolytes.  

 

 Many strategies for extending the cycle life of cells containing a lithium metal electrode 

have been reported in the literature. They include increasing the mechanical strength of the 

electrolyte,17,36,113 synthesizing tortuous electrolytes to distribute ion flux,114 engineering 

interfacial layers,115,116 and developing single-ion conducting electrolytes to eliminate salt 

concentration gradients117. The lithium metal anode has also been subjected to different treatments 

in order to increase cell performance. 118–124  

 

 In this paper, we use a nanostructured polystyrene-block-poly(ethylene oxide) (SEO) block 

copolymer mixed with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). In this class of solid 

polymer electrolytes, planar, crystalline lithium deposition is observed over most of the cell area.67 

Nonplanar protrusions are only observed in the vicinity of impurity particles present in 

commercially available lithium foils.60 As the reported impurities in lithium metal are primarily 

oxygen and nitrogen, we hypothesize that the impurities are Li2O, LiOH, and Li3N. It is likely that 

impurity particles at the electrode-electrolyte interface cause inhomogeneities in the local current 

density and promote the nucleation of lithium protrusions. These particles do not pass through the 

electrolyte during electrodeposition.62 Stable deposition of planar lithium without protrusions is 

obtained at low current densities (less than 0.08 mA cm-2) in spite of impurity particles.67  

 

 Based on the work described in the previous paragraph, we hypothesized that 

electrodepositing lithium at a low current density (0.04 mA cm-2) through an SEO/LiTFSI 

electrolyte in a lithium symmetric cell would lead to an impurity-free layer of lithium. We call this 

process “electrochemical filtering”. We show that the electrochemically filtered lithium layer is 

not perfect. Nevertheless, our approach enables a systematic study of the effect of reducing the 

concentration of impurity particles on lithium electrodeposition during cycling. We demonstrate 

that electrochemical filtering improves cycle life by more than an order of magnitude. 

 

3.2 Experimental Methods 
 

3.2.1 Anionic synthesis and polymer purification. The polystyrene-block-poly(ethylene oxide) 

(PS-PEO, or SEO) diblock copolymer was synthesized via sequential high-vacuum living anionic 

polymerization, using sec-butyllithium as the initiator for styrene polymerization and P4 tert-

butylphosphazene base as the promoter for the polymerization of ethylene oxide.107–109 SEO(115-

172) was further purified as given in Ref. 67, where the numbers in the parentheses correspond to 

the number-averaged molecular weights of the PS and PEO blocks, MPS and MPEO, respectively. 

The relevant properties of the SEO copolymers used in this study are provided in Table 3.1, where 

ϕEO refers to the volume fraction of PEO. GPC was conducted on an Agilent 1260 Infinity Series 

fitted with Water Styragel HR 3 and 4 columns. The polydispersity index (PDI) was measured 

using a polystyrene standard. The self-assembled morphology of the block copolymers is expected 

to be lamellar based on the PEO volume fraction. Methods for electrolyte preparation and 

electrochemical cell fabrication closely mimic those previously reported.67 All electrolyte 

preparation was carried out in an argon glove box with less than 0.1 parts per million (ppm) H2O 
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and less than 0.1 ppm O2. All lithium cell assembly was carried out in an argon glove box with 

less than 2.3 ppm H2O and less than 0.1 ppm O2.  
 

Table 3.1 Properties of the polymer used in this study 

Name MPS 

[kg mol-1] 

MPEO 

[kg mol-1] 

φEO PDI 

SEO(115-172) 115 172 0.59 1.10 

SEO(200-222) 200 222 0.51 1.08 

 

3.2.2 Li-SEO-Li symmetric cell assembly. Lithium metal foil was purchased from FMC Lithium 

at 99.9% purity. The foil thickness was 150 μm. All sample preparation was performed in a glove 

box filled with Argon gas. A 7/16-inch diameter metal punch was used to cut a polymer electrolyte 

disc from a previously cast electrolyte film. Three layers of lithium metal foil were stacked on top 

of a piece of nickel foil, and then pressed until flat and shiny inside pouch material with a 

pneumatic press (130 MPa). The lithium electrodes were made by using a 3/8-inch diameter punch 

to cut through the three layers of lithium foil and nickel foil backing. The two, 450 μm thick, 

lithium electrodes were used to sandwich the polymer electrolyte membrane. Two 0.25 mm thick 

stainless steel shims were placed above and beneath the cell to keep the cell flat. Aluminum current 

collector tabs were then affixed to the stainless steel shims and the sample was vacuum sealed in 

polypropylene-lined aluminum pouch material. Pouched cells were annealed for 12 hours at 120 

°C before beginning conditioning cycles.  
 

3.2.3 Conditioning, treatment, and cycling. Cells were galvanostatically cycled in an Associated 

Environmental Systems SD-402 oven using a Maccor Series 4000 Battery Tester. Cells were 

allowed to equilibrate at the temperature of interest (90 °C) for at least an hour before a current 

was imposed. Cells were occasionally paused during conditioning or polarization for practical 

reasons (e.g., while removing a failed cell). Each cell was subjected to fourteen conditioning cycles 

at 90 °C. During each cycle, a current density of 0.02 mA cm-2 was imposed in one direction for 4 

hours, followed by a 45 minute rest period, followed by the imposition of a constant current density 

of 0.02 mA cm-2 in the opposite direction, followed by another 45 minute rest period. The thickness 

of lithium transferred between the electrodes during each half cycle at 0.02 mA cm-2 was 0.4 μm.  

 

 We report on results obtained from 23 separate cells. All of the cells were conditioned as 

described above and then subjected to further experiments as summarized in Table 3.2. Three 

different conditions were used for electrochemical filtering, labeled Treatments 1, 2, and 3 in Table 

3.2. In the first electrochemical filtering step, lithium was deposited on to the lower electrode at a 

current density of 0.04 mA cm-2. In the second, a portion of the electrodeposited lithium layer was 

deposited back on to the upper electrode at the same current density until the specified calculated 

thickness of lithium was reached. The thickness of the deposited lithium during the first step was 

varied from 8.5 to 66 µm.  The thickness of the deposited lithium during the second step was varied 

from 1.7 to 19 µm. Greater volumes of lithium were passed during Treatments 2 and 3 in order to 

clearly ascertain the effect of electrochemical filtering by X-ray tomography before cycling. Four 

batches of cells were fabricated on four days: one batch each was used for Treatments 1-3 to 

minimize variations between cells, while the fourth batch was split between Treatments 1 and 3.  
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 The efficacy of electrochemical filtering was studied in cycling experiments also 

summarized in Table 3.2. Treatment 1 cells were cycled at 0.12 mA cm-2, corresponding to a cycled 

lithium layer thickness of 2.3 µm. Cells processed using Treatments 2 and 3 were cycled at 0.175 

mA cm-2, corresponding to a cycled lithium layer thickness of 3.4 µm. The current density used in 

Treatments 2 and 3 was higher to promote faster failure and shorten the experimental timescale. 

During each cycle, lithium was deposited on to the upper electrode for 4 hours, followed by a 45 

minute rest period, followed by the imposition of a constant current density in the opposite 

direction, followed by another 45 minute rest period. Cells were cycled until a sudden drop in the 

voltage required to maintain the target current density was observed. This was taken as the 

signature of a short-circuit caused by nonplanar lithium deposition. Treatment 2 was conducted 

with a different electrolyte in order to show that cycling improvements were not limited to a 

particular SEO electrolyte.   

 

Table 3.2 Description of the three electrochemical filtering treatments used in this study 

Treatment Polymer Li deposited 

on the lower 

electrode 

[µm] 

Li deposited 

on the upper 

electrode 

[µm] 

Cycling 

current 

density 

[mA cm
-2

] 

Lithium 

passed per 

cycle 

[µm] 

1 SEO(115-172) 8.5 1.7 0.12 2.3 

2 SEO(200-222) 39 19 0.175 3.4 

3 SEO(115-172) 66 19 0.175 3.4 

 

3.2.4. X-ray microtomography. The cells were imaged using hard X-ray microtomography at the 

Advanced Light Source at Lawrence Berkeley National Laboratory. Monochromatic hard X-rays 

with energy 22 keV at beamline 8.3.2 at the Advanced Light Source at Lawrence Berkeley 

National Laboratory illuminated the entire sample, and the X-ray shadow cast by the sample was 

converted into visible light using a scintillator. An optical microscope magnified this image and 

converted it into a digital image file. The sample was then rotated by a fraction of a degree and 

repeatedly imaged until 1,313 images were collected from the sample as it was rotated through 

180°. After a series of data processing steps using the software Xi-Cam87, these shadow images 

were converted to cross-sectional slices that were then stacked together to render a 3D 

reconstruction of the cell. Cells were imaged in their original pouches at 2x, 4x, and/or 5x 

magnification, corresponding to a pixel size of approximately 3.25, 1.625, or 1.30 μm, 

respectively. Cross-sectional slices were stacked and rendered by the software ImageJ to be 

inspected for features of interest. Reconstructed three dimensional (3D) images were analyzed 

using the commercially available Avizo software package. Data acquisition and analysis builds on 

methods described by Harry et al. 60 
 

3.3 Results and Discussion 
 

 Figure 3.1 shows crystalline impurity particles embedded in lithium metal foil as-received, 

revealed by X-ray tomography. Fig. 3.1a shows an orthogonal cross-section through the xy plane 

(parallel to the plane of the lithium foil) of a reconstructed volume of lithium. The impurity 
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particles are bright, faceted shapes in the darker gray metallic lithium. Fig. 3.1b shows two views 

of a volume within a typical lithium foil visualized in three dimensions. Here, the impurity particles 

have been highlighted in blue, and the metallic lithium is shown in light green. The visible particles 

vary in diameter between 2 and 30 µm. The number density of impurity particles greater than 2.6 

µm in diameter is 1100 per mm3. The number density of all impurity particles greater than 7.0 µm 

in diameter is 390 per mm3.  

 
 
Figure 3.1 X-ray tomography of impurity particles. X-ray tomography results of a typical lithium electrode, 

showing the presence of impurity particles. (a) Cross-sectional slice through the lithium electrode in a symmetric cell 

as-fabricated showing bright, faceted objects that are impurity particles. (b) 3D rendering of a portion of a lithium 

electrode as-received with the impurity particles shown in blue.   

 

 Figure 3.2 describes the strategy and results of the electrochemical filtering treatment 

applied to reduce the concentration of impurity particles near the electrode-electrolyte interface. 

We hypothesized that nucleation of defective deposition could be suppressed if impurity particles 

were not present in the layers of lithium cycled. Fig. 3.2a is a schematic of the electrochemical 

filtering treatment. During step 1, lithium is deposited on to the bottom electrode. With a 

sufficiently low current density, new planar lithium, highlighted in orange, is deposited on to the 

bottom electrode. However, due to the insulating nature of the impurity particle, electrodeposition 

immediately above the particle is hindered, leading to a void defect. Since the impurity particles 

are uncharged and insulating, we expect to create a layer free of impurity particles on the bottom 

electrode. During step 2, the direction of current is reversed such that a fraction of the planar 

impurity-free lithium is plated on to the upper electrode. After executing these 2 steps, both 

electrodes have a layer of impurity-free lithium at the electrode-electrolyte interface. Fig. 3.2b 

shows typical voltage versus time data during the electrochemical filtering treatment (Treatment 

1). After a one-hour rest for temperature equilibration, a current density of 0.04 mA cm-2 was 

imposed for 43.75 h (a calculated height of 8.5 µm of Li). Then, a current density of -0.04 mA cm-

2 was imposed for 8.75 h (a calculated height of 1.7 µm of Li). We note that at this magnitude of 

current density, lithium deposition is shown to be planar.67 The voltage versus time data obtained 

from other treatments is similar to that shown in Fig. 3.2b, except for duration of each step. Fig. 
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3.2c shows a slice through a reconstructed cell volume after conditioning cycles but before any 

treatment was applied, visualized by X-ray tomography. No inhomogeneities were observed within 

the cell. Fig. 3.2d shows two slices from a reconstructed 3D volume showing a decreased 

concentration of impurity particles near the electrode-electrolyte interface after Treatment 2 was 

applied. The dashed yellow lines indicate the calculated height of lithium deposited on each 

electrode in this cell (19 µm). Bright lines stretching from the impurity particle toward the 

electrolyte represent voids in the lithium electrode that are filled with electrolyte which we call 

void defects – inhomogeneous deposition where no lithium was deposited on to the electrically 

insulating impurity particle.62,67 Fig. 3.2e shows two slices from a reconstructed 3D volume 

showing impurity particles that remain adhered to the electrode-electrolyte interfaces (top and 

bottom) after treatment. The electrochemical filtering treatment results in an 85% reduction in the 

concentration of impurity particles in the lithium electrode near the interfaces.   
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Figure 3.2 Strategy of the electrochemically filtering treatment. Strategy of the electrochemical filtering treatment 

to reduce the concentrations of impurity particles near the electrode-electrolyte interfaces. (a) Schematic of the 

electrochemical filtering treatment. After symmetric cell fabrication, some impurity particles, shown as white 

triangles, lie at the electrode-electrolyte interface. Step 1: with a sufficiently low current density, new planar lithium, 

highlighted in orange, is deposited on to the bottom electrode to create a layer free of impurity particles. Step 2: by 

reversing the direction of current, planar lithium is plated on to the upper electrode, such that both electrodes now 

have a layer of impurity-free lithium at the electrode-electrolyte interface. (b) Current density and voltage of one 

electrochemical filtering treatment over time (Treatment 1). Lithium was deposited on to the lower electrode at 0.04 

mA cm-2 for 43.75 h (8.5 µm of Li calculated) and deposited back on to the upper electrode at the same current density 

for 8.75 h (1.7 µm of Li calculated). (c) Slice through a reconstructed volume of a symmetric cell after 14 conditioning 

cycles. No inhomogeneities were observed at the interfaces. (d) Slices through a reconstructed volume of the 

symmetric cell in Fig. 3.2c after an electrochemical filtering treatment. This cell received Treatment 2; details of the 

treatment may be found in Table 3.2. Yellow dashed lines indicate the calculated height of filtered lithium after the 

treatment. Impurity particles are visibly pushed away from the electrode-electrolyte interface, resulting in void defects. 

(e) Slices through a different area of the cell shown in Fig. 3.2c and 3.2d. Yellow dashed lines indicate the calculated 

height of filtered lithium after the treatment. Some impurity particles still remain adhered to the polymer electrolyte 

at the electrode-electrolyte interface.   

 

 Figure 3.3 shows an example of galvanostatic cell cycling and results. Fig. 3.3a shows 

current density applied and voltage response of a cell during cycling at 0.12 mA cm-2. A precipitous 

drop in voltage was taken as the signal of a short-circuit caused by an electrolyte-spanning lithium 

protrusion. Fig. 3.3b shows the charge passed before failure, Cd, calculated from the cycles before 

failure and the current density applied, for control and treated cells. Details of the electrochemical 

filtering treatment are given in Table 3.2. Cd is greater for treated cells in every case, but the 
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increase in average lifetime decreases as more lithium is passed during the treatment step. In the 

control cells, Cd varies from 50-400 C cm-2. In the case of Treatment 1, Cd values as high as 1650 

C cm-2 were recorded. On average, Treatment 1 results in a fivefold increase in cycle life.  

 

 
 
Figure 3.3 Galvanostatic cell cycling example and results. (a) Current density and voltage of the first cycles at 0.12 

mA cm-2 for a typical cell in Treatment 1. (b) Charge passed before failure, Cd, for treated cells and their corresponding 

control cells. Details of the electrochemical filtering treatment are given in Table 3.2. The transparent circles indicate 

control cells, while the filled-in squares indicate treated cells. Hollow diamonds indicate the average of cells in the 

column. Dashed lines connect the averages of control and treated cells in each group. The asterisk indicates a cell 

which had not failed at the end of the experiment (4500 hours).  

 

 Figure 3.4a shows examples of a variety of defective deposition events in control and 

treated cells. Examples of voids, subsurface deposition, and protruding deposition are labeled. We 

define subsurface defects as those restricted to the region below the electrode-electrolyte interface, 

and protrusion defects as those which protrude into the electrolyte. The deposition defect may vary 

in size from less than 10 µm to greater than 100 µm. Subsurface and protrusion defects contain 

both trapped electrolyte (bright) and lithium globules (dark). A short-circuit occurs when a defect 

spans the electrolyte and contacts the opposite electrode.  Fig. 3.4b plots the areal defect density 

for control and treated cells, (𝑣 + 𝑠 + 𝑝): this is the summed areal density of void, 𝑣, subsurface, 

𝑠, and protruding deposition, 𝑝, per mm2. Treated cells have a significantly higher density of 

defective deposition events. The increase in defect density is smallest in the batch of cells with the 

least amount of lithium passed during filtering (Treatment 1). In principle, the higher defect 

densities in treated cells could arise because they were cycled longer.  To consider this effect, Fig. 

3.4c plots the areal defect density for control and treated cells normalized by charge passed before 

failure, (𝑣 + 𝑠 + 𝑝)/𝐶d. Fig. 3.4c shows that treated cells have a higher normalized areal defect 

density. The data in Fig. 3.4b and 3.4c are surprising because one expects cells with higher cycle 

life to exhibit lower areal defect densities. A reason for the trends presented in Fig. 3.4b and 3.4c 

is proposed in Fig. 3.4d: the schematic is similar to Fig. 3.2a. The creation of an impurity-free 

layer on the bottom electrode concentrates impurities on the top electrode. As the thickness of the 

impurity-free layer is increased, the concentration of impurity particles on the top electrode also 

increases. Despite the increased defect density, treated cells exhibit a longer cycle life.  
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Figure 3.4 Defective deposition in cycled cells. (a) Slices through reconstructed volumes of failed cells. These slices 

demonstrate the variety of morphologies of defective deposition. Every instance of defective deposition is associated 

with an impurity particle. Examples of voids, subsurface deposition, and protruding deposition are labeled. (b) Plot of 

the defect density per area for control and treated cells, (𝑣 + 𝑠 + 𝑝): this is the summed areal density of void, 𝑣, 

subsurface, 𝑠, and protruding deposition, 𝑝, per mm2. (c) Plot of the defect density per area divided by charge passed 

before failure for control and treated cells, (𝑣 + 𝑠 + 𝑝)/𝐶d. (d) Schematic suggesting an explanation for the higher 

areal density of defective deposition observed in treated cells. Step 1: with a sufficiently low current density, new 

planar lithium, highlighted in orange, can be deposited on to the bottom electrode to create a layer free of impurity 

particles. During the course of this deposition, additional impurity particles are revealed at the upper electrode-

electrolyte interface. Step 2: by reversing the direction of current, planar lithium is plated on to the upper electrode. 

Each of the newly exposed impurity particles on the upper electrode creates a void in the planar deposition of lithium. 

During cycling, these voids lead to subsurface and protruding deposition. 
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Figure 3.5 Subsurface and protruding defects in control and treated cells. (a) Slices through failed cells showing 

a subsurface deposition defect (left) and a slightly protruding deposition defect (right). Large protrusions are also 

observed, as documented in Fig. 4. Volume renderings of the same defects are shown below each slice. (b) Plot of 𝑓s, 

the fraction of subsurface deposition defects for treated and untreated cells. (c) Schematic of a control (top) and treated 

(bottom) cell proceeding through half-cycles. Impurity particles are represented by white triangles. A layer of 

impurity-free lithium on the treated cell is highlighted in orange. The electrolyte is represented with light yellow. Each 

panel moving right represents an additional half-cycle of charge passed in the cell. Planar lithium, shown in blue, and 

defective lithium, shown in green, is stripped or plated during each half-cycle. Over the course of two cycles, the 

defective lithium grows in volume. In the control cell, the defective lithium protrudes into the electrolyte, while in the 

treated cell, the defective lithium is buried under the electrode-electrolyte interface.  

 

 The morphology of deposition defects affects cycle life: this is examined in Fig. 3.5. Fig. 

3.5a defines subsurface and protruding morphology. Both defects are nucleated on impurity 

particles and comprise a collection of globular lithium objects (dark) encapsulated by electrolyte 

(bright). On the left side, we show a slice through a tomogram of a subsurface defect and a volume 

rendering of the same. In this case, the globular lithium does not protrude above the electrode-

electrolyte interface. On the right side, we show a slice through a tomogram of a protruding defect 

and a volume rendering of the same. In this case, the globular lithium protrudes slightly above the 

electrode-electrolyte interface. We show this example to indicate that X-ray tomography enables 
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distinguishing between subsurface and protruding defects; examples of defects that penetrate more 

deeply into the electrolyte are shown in Fig. 3.4. We define the fraction of subsurface deposition 

defects, 𝑓s, as  

 

𝑓s =
𝑠

𝑝 + 𝑠
(1) 

 

Figure 3.5b shows the effect of lithium filtering treatment on 𝑓S. It is evident that the fraction of 

subsurface deposition is significantly higher in treated cells. The short-circuiting of cells must be 

related to the fraction of protruding defects, (1 − 𝑓s). As the cell is cycled, one expects subsurface 

defects to transform into protruding defects and 𝑓s will decrease. 𝑓s is larger in the treated cells in 

spite of the fact that the cycle life of treated cells is higher than that of untreated cells. Moreover, 

the difference is more dramatic in cells with larger volumes of lithium passed during the filtering 

step. A possible mechanism for this is shown in Fig. 3.5c. The top row represents a control cell 

during cycling, and the bottom row represents a treated cell. Each panel moving right represents 

an additional half-cycle of charge passed in the cell. In the control cell, a multiglobular defect 

grows at an impurity particle, while in the treated cell, a multiglobular defect grows within a void 

defect created during the lithium filtering treatment. The proposed mechanism is only effective 

when the electrolyte is a rigid solid which provides mechanical resistance to the growth of 

protrusions.  

 

 Quantitative proof that increased subsurface deposition leads to longer cycle life lies in the 

visualization of the multiglobular structures that short-circuited each cell, shown in Fig. 3.6. Fig. 

3.6a and 3.6b compare the morphologies of multiglobular shorts through control and treated cells. 

The top image is an orthogonal slice through the structure, the middle shows a volume rendering, 

and the bottom shows a volume rendering with a cutaway to the interior. In the volume renderings, 

the multiglobular lithium is shown in dark blue, while the encapsulating electrolyte is shown in 

red. The electrolyte is represented by purple, the impurity is shown in yellow, and the lithium metal 

is shown as light green. It is evident that the short-circuit structure in the treated cell has both a 

larger volume and a larger fraction of its bulk buried under the electrode-electrolyte interface. Each 

of these factors could account for longer cycle life of the treated cell. To visualize the volume of 

the structure, voxels were labeled with a material, which is shown color-coded in Fig. 3.6c. Fig. 

3.6c shows a 2D slice through the labeled multiglobular structure. Above the electrolyte, the 

globular lithium is labeled in dark blue and the encapsulating electrolyte is labeled in red. Below 

the electrolyte, the globular lithium is labeled in light blue and the encapsulating electrolyte is 

labeled in yellow. The volumes of the multiglobular structure above and below the electrode 

interface are represented by 𝑉𝑃 and 𝑉𝑆, respectively. The impurity particle is labeled in green. It is 

evident that the multiglobular structure consists of a network of globular lithium with 

interpenetrating electrolyte. We define the volume fraction of the structure that is subsurface, 𝜑𝑆, 

as 

 

  

𝜑𝑆 =
𝑉𝑆

𝑉𝑃+𝑉𝑆
. (2) 
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 In Fig. 3.6d, 𝜑𝑆 is plotted as a function of Cd, charge passed before failure. All Treatment 

2 cells where a short-circuit was identified are included in the plot. One control and one treated 

cell from Treatments 1 and 3 are also included. Short-circuiting multiglobular structures in treated 

cells have a significantly higher subsurface volume fraction than control cells. This difference is 

especially pronounced for cells with a larger amount of charge passed before failure.  

 
 
Figure 3.6 Differences in globule morphology. (a) A representative short-circuit multiglobular structure from a 

control cell. In the top row, a slice through a reconstructed 3D volume. In the middle row, a volume rendering of the 

structure shown above. In the bottom row, a slice through the volume rendering of the structure revealing the internal 

network of globular lithium surrounded by electrolyte. (b) A representative short-circuit multiglobular structure from 

a treated cell. The top, middle, and bottom images are as described in (a). (c) A slice through the multiglobular structure 

in (b) showing labeled sections of multiglobular lithium and surrounding electrolyte. Above the electrolyte, the 

globular lithium is labeled in dark blue and the encapsulating electrolyte is labeled in red. Below the electrolyte, the 

globular lithium is labeled in light blue and the encapsulating electrolyte is labeled in yellow. The volumes of the 

multiglobular structure above and below the electrode-electrolyte interface are represented by 𝑉𝑃 and 𝑉𝑆, respectively. 

The impurity particle is labeled in green. The subsurface volume fraction, 𝜑𝑆, is defined 𝜑𝑆 =
𝑉𝑆

𝑉𝑃+𝑉𝑆
. (d) Plot of 

subsurface volume fraction, 𝜑𝑆, as a function of charge passed before failure, Cd. The transparent circles indicate 

control cells, while the filled-in squares indicate treated cells. Blue symbols indicate Treatment 1 cells, gray symbols 

indicate Treatment 2 cells, and orange symbols indicate Treatment 3 cells. 
 

 We note that a related consequence of increased subsurface volume in the short-circuiting 

multiglobular structures of treated cells is that the impurity particle has been pushed far below the 

interface. For the structures shown in Fig. 3.6, the impurity particle in the control cell lies 10 µm 
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below the interface (having begun at 0 µm) and the impurity particle in the treated cell lies 40 µm 

below the interface (having begun between 0 and 19.4 µm away). This suggests that creep of 

lithium may occur as the impurity is pushed below the interface. Further studies are required to 

elucidate the nature of this deformation, which depends on the nonlinear mechanical properties of 

metallic lithium.110,111,125–127 

 

 
 

Figure 3.7 Volume renderings of the electrolyte in three types of cells. The lithium is largely transparent such that 

only the electrolyte and deposition defects are visible. (a) Control cells have relatively few deposition defects, and 

protrusions short the cell quickly. (b) Treated cells have more deposition defects, but these defects are more likely to 

be subsurface – subsurface deposition does not shorten cell life. Defects are visible as yellow-orange protrusions below 

and above the electrolyte. (c) The cell processed using Treatment 1 that did not fail. Most of the defects are voids 

nucleated at grain boundaries in the lithium metal, visible in the volume rendering as darker lines. In this cell, 

deposition defects are sparse and the lifetime so far is more than an order of magnitude higher than that of the untreated 

cells. 

 

 A visual summary of the dominant cell behaviors observed in this study is shown in Fig. 

3.7. Each image represents a volume rendering of the electrolyte within a symmetric cell. The 

metallic lithium above and below the electrolyte has been made transparent. Specks within the 

lithium indicate impurity particles – there are some contrast and resolution differences between 

each cell due to cell and beam differences during imaging. Fig. 3.7a shows a control cell which 

was cycled at 0.175 mA cm-2 and failed after the 17th cycle. The electrolyte appears unmarred 

despite the failure of the cell. We observed that control cells have a smaller areal density of defects 

(Fig. 3.4), but protrusions short the cell quickly (Fig. 3.3). The defect that caused cell failure in the 

cell shown in Fig. 3.7a lies outside the visualized region in the figure. Fig. 3.7b shows a treated 

cell which was cycled at 0.175 mA cm-2 and failed after the 74th cycle. Yellow-orange lumps above 

and below the electrolyte seen in the edge view of Fig. 3.7b indicate subsurface features of defects, 

where the electrolyte invades the lithium (Fig. 3.5). These subsurface features are also evident in 

the top view of Fig. 3.7b. Fig. 3.7c shows a treated cell which was cycled at 0.12 mA cm-2 which 

did not fail and was imaged after the 480th cycle. The side view of this cell is similar to that in Fig. 

3.7a, in spite of the large difference in cycle life (17 versus 480 cycles). The deposition defects in 

Fig. 3.7c are only evident in the top view, where we observe the presence of dark lines. We posit 
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these lines represent shallow voids that are formed on grain boundaries in the lithium metal. For 

reasons that are unclear, the density of globular defects in this cell was very low (0.1 mm-2). It is 

evident that in the case of this cell, the electrochemical filtering step was the most effective. This 

cell’s lifetime was more than an order of magnitude higher than that of the untreated cells.  

 

3.4 Conclusions 
 

 Impurity particles in lithium metal have been implicated in the nucleation of multiglobular 

structures which grow and short-circuit lithium symmetric cells containing a solid block 

copolymer electrolyte. An “electrochemical filtering” treatment was performed on these cells in 

order to reduce the concentration of these impurity particles at the electrode-electrolyte interface. 

A thick layer of lithium was electrodeposited during the first treatment step and a fraction of this 

layer was deposited back on to the opposite electrode in the second treatment step. The cells were 

cycled and imaged using X-ray tomography to determine the effect of this treatment on cell 

lifetime and lithium deposition morphology. Depending on the treatment details, average charge 

passed before failure was improved by 30-400%. For a cell in which the treatment was most 

effective, cycle life was increased by more than an order of magnitude and the measured defect 

density was negligible. 

 

 While the treatment resulted in a significant reduction in the concentration of impurity 

particles at the electrode-electrolyte interfaces, the cycled lithium layers contained void defects. 

The treatment that was most effective was the one where the thickness of the deposited lithium 

during the first treatment step was the smallest. In general, treated cells had a higher areal density 

of defects, but a majority of these defects were confined within the electrodes. In contrast, most of 

the defects seen in the control cells were protrusions that invaded the electrolyte phase. For all but 

one cell, increased lifetime due to electrochemical filtering was not due to a reduction in defect 

density, but rather due to the differences in defect morphology. Further improvements in the quality 

of the cycled lithium layer (e.g., eliminating void defects and adhered impurity particles shown in 

Fig. 3.2) may result in even longer cycle life.  
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4. Preferential Stripping of a Lithium Protrusion Resulting in Recovery 

of a Planar Electrode4  

 

ABSTRACT 

 

Lithium metal is a high-energy-density battery electrode material, but the largely 

irreversible growth of lithium protrusions on an initially planar electrode during cycling 

makes it unsuitable for incorporation into a commercial battery. In this study, a lithium 

electrode with globular protrusions was stripped electrochemically, and the local 

morphology of the electrode as a function of time was determined by hard X-ray 

tomography. We demonstrate that globules are preferentially stripped compared to a 

planar electrode in our system, which incorporates a nanostructured block copolymer 

electrolyte. We report current density at the electrode as a function of micron-scale 

position and time. The local current density during the electrode healing process 

calculated from a reference frame at the electrode/electrolyte interface provides insight 

into the driving forces responsible for selective stripping of the globule. These results 

imply the possibility of discharging protocols that may return a lithium electrode to its 

initial planar state. 

 

4.1 Introduction 
 

Rechargeable batteries with lithium metal anodes are of interest for their higher energy 

densities compared to conventional lithium-ion batteries.10,12,94,128 Two primary differences 

between electrodes in conventional lithium-ion and lithium metal anodes are, first, the non-

negligible displacement of the electrode/electrolyte interface as the anode is charged and 

discharged, and second, the spontaneous formation of protrusions at the electrode during charging, 

the so-called “dendrite problem”.  During cycling, these electronically conductive protrusions 

increase in size, reducing cell efficiency and possibly causing short-circuit cell failure.75,129  

 

 Lithium electrodeposition from liquid electrolytes leads to the formation of filamentous, 

dendritic structures and mossy lithium.24,45,130,131 The theoretical work of Monroe and Newman 

first established the idea that the formation of lithium protrusions may be suppressed by 

sufficiently rigid electrolytes: suppression is predicted to occur when the forces that cause non-

planar deposition are overwhelmed by the mechanical force exerted by the deformed solid 

electrolyte.17,36,38,81,83,113,132 Despite the existence of electrolytes 15 times stiffer than lithium metal 

such as Li7La3Zr2O12 (LLZO), lithium protrusions push through these materials, particularly 

through grain boundaries.23,83,97,98,133,134 Lithium protrusions also occur in rigid block copolymer 

electrolytes, but they have a globular shape due to mechanical suppression of the protrusion by the 

 
4 Reprinted (adapted) with permission from Maslyn, J. A.; McEntush, K. D.; Harry, K. J.; Frenck, L.; Loo, W. S.; 

Parkinson, D.; Balsara, N. P. Preferential Stripping of a Lithium Protrusion Resulting in Recovery of a Planar 

Electrode. Journal of the Electrochemical Society, 2020, 167, 100553. Permission was obtained from co-authors. 
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electrolyte.60,62,67,69 The growth of lithium protrusions has been a topic of theoretical interest in all 

three types of electrolytes (liquid, polymeric, ceramic).82,93,135–139 

 

 At sufficiently high current densities, the formation of non-planar deposits during lithium 

plating appears inevitable. One question we seek to answer is whether or not one might heal a 

lithium electrode where nonplanar deposition has occurred. It seems intuitively obvious that 

anodes with branched, filamentous structures cannot be returned to a planar state; experimental 

results support this thought.45,130,131 Simpler geometries like globules may, in principle, be 

“healed” and returned to a planar morphology. Much of the literature on lithium metal anodes is 

focused on solving the dendrite problem arising during plating. This study is differentiated as 

follows: first, we show and quantify the healing of lithium metal anodes during stripping; second, 

we also view protrusions from a moving reference frame attached to the electrode/electrolyte 

interface. 

 

4.2 Experimental Methods 
 

4.2.1 Anionic synthesis and polymer purification. The polystyrene-block-poly(ethylene oxide) 

(PS-PEO, or SEO) diblock copolymer was synthesized and characterized as described 

previously.107–109 The number averaged molecular weights of the PS and PEO blocks were 200 

and 222 kg mol-1, respectively. The neat PEO volume fraction of the SEO copolymer is 0.51. The 

overall polydispersity index of the polymer is 1.08 measured by gel permeation chromatography 

(GPC) using PS standards in N-Methyl-2-pyrrolidone (NMP).  

 
4.2.2 Li-SEO-Li symmetric cell assembly. Methods for electrolyte preparation and 

electrochemical cell fabrication are identical to those previously described.67,69 The molar ratio of 

lithium salt, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), to ethylene oxide in the 

electrolyte is 0.085. All electrolyte preparation and cell assembly was carried out in argon 

gloveboxes (MBraun) with less than 0.1 parts per million (ppm) H2O and less than 0.1 ppm O2.  

 

4.2.3 Conditioning, treatment, cycling, and imaging. We present data on a lithium/SEO-

LiTFSI/lithium symmetric cell. All cycling and polarization experiments were conducted at 90 °C. 

The symmetric cell was subjected to 14 conditioning cycles at 0.02 mA cm-2 before the polarization 

and tomography experiment.67,69 The thickness of lithium transferred between the electrodes in 

each half cycle during conditioning was 0.4 µm. The cell was polarized in one direction at a 

constant current of 0.175 mA cm-2 to nucleate and grow globular protrusions. The polarization was 

suspended before cell failure by short-circuit, and the direction of polarization was reversed in 

order to strip lithium from the nucleated globules. Details of the polarization routine used for the 

cell is reported in Table 4.1. At multiple points during this process, the cells were imaged using 

X-ray tomography at beamline 8.3.2 of the Advanced Light Source at Lawrence Berkeley National 

Laboratory: cells were visualized after conditioning cycles, after initial polarization, and several 

times during the reverse polarization. Details of imaging and reconstruction have been reported 

previously.60,67,69,87 Cells were cycled away from the beamline and imaged in separate experiments 

that were conducted in approximately 1-month intervals due to limited availability of beamtime. 

While we took care to physically realign the cell as closely as we could over the course of these 
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experiments, some differences were inevitable. The X-ray beam and optics are also not identical 

for each experiment.  

For quantitative analysis, reconstructed features of interest at different time points were digitally 

aligned in space using the commercially available Avizo software package using at least three 

independent features of reference. The current density at a pixel at position (𝑗, 𝑘) in the xy plane, 

𝑖𝑗𝑘, was calculated using the volume of lithium deposited at that pixel, 𝑉𝑗𝑘: 

𝑖𝑗𝑘 =
𝑉𝑗𝑘𝜌𝐹

𝑀𝐿𝑖𝑎𝑡
(1) 

where 𝜌 is the density of lithium metal, 𝐹 is the Faraday constant, 𝑀𝐿𝑖 is the molecular weight of 

lithium metal, 𝑎 is the pixel area, and 𝑡 is time. This analysis builds on that previously reported by 

Harry et al.38 

 

Table 4.1 Method used to obtain time-resolved lithium stripping information. 

Time of polarization 

 

Charge passed 

 

Calculated height of 

lithium 

[h] [C cm-2] [mA h cm-2] [µm] 

155 97.6 27.1 131.6 

Time of reverse 

polarization 

Charge passed 

 

Calculated height of 

lithium 

[h] [C cm-2] [mA h cm-2] [µm] 

0 0 0 0 

10 6.30 1.75 8.49 

22 13.9 3.85 18.7 

32 20.2 5.60 27.2 

42 26.5 7.35 35.6 
Imaging occurred at each of the time-points provided in the table. Polarization and reverse polarization steps were 

both conducted at 0.175 mA cm-2.   

 

4.3 Results and Discussion 
 

 Direct imaging during electrochemical cycling is necessary to understand how protrusions 

evolve over time.41,42,45,60,63,66,89,90,140,141 Here, lithium/polymer electrolyte/lithium symmetric cells 

were imaged using time-resolved hard X-ray tomography. The solid polymer electrolyte used in 

this study was a polystyrene-block-poly(ethylene oxide) (PS-PEO, or SEO) copolymer mixed with 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI): see experimental methods for details. The 

images thus obtained are shown in Figure 4.1. The cell was initially polarized for 155 h so that 

lithium was electrodeposited on the bottom electrode and a globule developed. Then, at t = 0, the 

cell was reverse polarized such that lithium is stripped from the bottom electrode and plated on the 

top electrode. Details of the polarization routine are given in Table 4.1. Figure 4.1a presents 3-D 

renderings of the volume of interest as a function of the duration of lithium stripping. Figures 1b 

and 4.1c show slices through the cell in the xz and yz planes, respectively. The bright polymer 

electrolyte is a horizontal stripe between two dark layers of lithium metal. As stripping proceeds, 

the portion of the globule protruding above the lower electrode/electrolyte interface decreases until 
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the surface of the globule becomes level with the rest of the electrode. Figure 4.1d maps the 

interelectrode distance (or electrolyte thickness), L, in the xy plane over time. Yellow stripes 

represent grain boundaries in the lithium metal, where no electrochemical deposition took place. 

At t = 0, the globule is initially represented by the thin spot in the electrolyte in dark blue. Over 

time, as the globule is preferentially stripped, the electrolyte recovers and L becomes more 

uniform. The average interelectrode distance, Lavg, was computed at each time point using the data 

in Fig. 4.1d. It is evident that L away from the globule is constant (within experimental error) 

during the stripping process.  

 

 

 
 
Figure 4.1 Preferential stripping of a lithium globule after reversed polarization. (a) 3-D volume renderings of 

lithium being stripped from an electrode and globule over time. The polymer electrolyte is rendered in purple, the 

lower lithium electrode in light gray, the globule in dark gray. The upper electrode is transparent. (b) Slices in the xz 

plane showing lithium being stripped from the bottom electrode and plated on the upper electrode. (c) Slices of the 

same in the yz plane. (d) Maps of interelectrode distance, L, in the xy plane. The thin spot in dark blue corresponds to 

the globule, while the thick lines in yellow correspond to grain boundaries in the lithium.  

 

 Figure 4.2 maps experimentally determined local current density in the xy plane; the 

method is discussed in the experimental section. The roughly circular cross-section of the globule 

at the lower electrode/electrolyte interface at t = 0 is marked with a white outline and is reproduced 

on all plots. Our approach for determining current density leads to artifacts at lithium grain 

boundaries; these artefacts can be seen as three lines that appear to project radially outward from 

the globule. The time stamps associated with each panel in Fig. 4.2 correspond to the midpoint 

time in the interval over which the current density was determined. At t = 5 h and t = 16 h, it is 

evident that the local current density is slightly higher at the globule than the surrounding planar 
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electrode. Hot spots at the edge of the globule are apparent as orange lines. At t = 27 h, the hot 

spot is focused at the center of the globule tip, implying a rapid decrease in the protrusion height 

and a return of the electrode to a nearly planar geometry. This is corroborated by the t = 32 h 

images in Fig. 4.1, which represent the end of the t = 27 h time-step.  At t = 37 h, the current 

density is much more uniform and the planar geometry of the stripped electrode is maintained. For 

each time-step, the average calculated current densities at the top and bottom electrodes are equal 

within 2-18% percent. However, when comparing time-steps, the current density varies both above 

and below the average current density as recorded by the potentiostat, 0.175 mA cm-2. The reason 

for the local variations in current density are not clear. It may be related to stresses exerted on the 

electrode or plastic deformation of the polymer. It is worth noting that a 1-pixel error in 

segmentation over a 10-hour time-step would lead to a 0.03 mA cm-2 miscalculation in current 

density.  

 

 
 
Figure 4.2 Experimentally calculated current density. Experimentally calculated current density, 𝑖, as a function 

of position in the xy plane and time, enabled by comparing tomograms reported in Fig. 4.1. The superimposed white 

outline indicates the location of the globule at t = 0. The average current density, 𝑖avg, for the area and time step of 

interest is reported below the plot. 

 

 Figure 4.3a. shows a view of the globule during stripping from a frame of reference outside 

the cell, including the location of the lower electrode/electrolyte interface at t = 0 and t = 42 h. 

From this frame of reference, the interface moves downward in the z direction as lithium is 

removed from the bottom electrode and plated on the top electrode. The inset shows a magnified 

view of the globule with the electrolyte surfaces removed. The distances between globule 

interfaces represent the total amount of lithium stripped from the globule between time-points. The 

black arrows indicate signatures of areas around the globule perimeter with higher current densities 

than the surrounding area obtained at t = 5 and t = 16 h – the “hot spots” identified in Fig. 4.2 as 

yellow-orange streaks near the edge of the globule. This results in notches in the globule at t = 10 

and t = 22 h.  

 

 Fig. 4.3b shows a view of the globule surface during stripping from the frame of reference 

of the lower electrode/electrolyte interface. Here, the differences in lithium volume between time-

points represent the excess lithium stripped from the globule (beyond the amount of lithium 
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stripped from the planar electrode). The corresponding local current directly quantifies how the 

electrode heals.  The globule interface at t = 42 h is level with the surrounding electrode/electrolyte 

interface.  

 

 
 
Figure 4.3 Stripping of the lithium globule as a function of time. The surface of the globule after 0, 10, 22, 32, and 

42 hours of stripping is rendered in white, fuchsia, blue, green, and orange, respectively. (a) From a frame of reference 

outside the cell, the globule shrinks as the electrode/electrolyte interface is translated downward in the z direction. The 

electrode/electrolyte interfaces at t = 0 and t = 42 h are shown in white and orange, respectively. The inset provides 

further detail, and black arrows indicate “hot-spots” with a higher local current density. (b) From the frame of reference 

of the lower electrode/electrolyte interface, the portion of the globule protruding into the electrolyte becomes smaller 

over time. 

 

 
 
Figure 4.4 Quantification of current density. (a) The current density averaged over the area of the globule (filled-

in square) and the non-globule area (hollow square) is plotted as a function of time of lithium stripping. (b) Plot of 
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𝑖excess = 𝑖glob − 𝑖plane with the y-axis rescaled. The dashed line indicates 0.0284 mA cm-2, the average value of 

between t = 0 and t = 32 h. By t = 27 h of stripping, the lithium electrode is roughly planar. (c) Plot of normalized 

excess current, 𝑖n =
𝑖excess

𝑖plane
, as a function of time of lithium stripping.  

 

 The average current density over the globule, 𝑖glob, was calculated by averaging the current 

in the region plotted and outlined in white in Fig. 4.2. 𝑖plane, was calculated in the same way with 

respect to the planar region exterior to the globule. The total area within which these current 

densities are calculated is 325 x 325 µm2 (the same area plotted in Fig. 4.1d). In Fig. 4.4a, we plot 

𝑖glob and 𝑖plane as a function of time. Both 𝑖glob and 𝑖plane increase from t = 0 to t = 27 h, during 

which the majority of electrode healing occurs. Next, we plot in Fig. 4b the excess current density, 

defined as 𝑖excess = 𝑖glob − 𝑖plane, which quantifies lithium flux as observed from the reference 

frame attached to the electrode/electrolyte interface. 𝑖excess is approximately constant around 

0.028 mA cm-2 between t = 0 to t = 27 h, and then drops to half that value at t = 37 h. The drop in 

𝑖excess signals the end of the healing process as a function of time. Fig. 4.4c reports the normalized 

excess current, 𝑖n =
𝑖excess

𝑖plane
, as a function of time of lithium stripping. This parameter decreases 

continuously during the healing process. At early times, the distance between the tip of the globule 

and the upper electrode is at a minimum and the strain in the polymer is at a maximum: both factors 

would enhance 𝑖n. The observed decrease in 𝑖n as healing continues reflects the reduction in both 

the driving forces that are responsible for healing.  

 

4.4 Conclusions 
 

 A lithium electrode with globular protrusions was stripped electrochemically and the time-

dependence of the local morphology of the electrode was determined by hard X-ray tomography. 

In our system, which incorporates a nanostructured block copolymer electrolyte, we demonstrate 

that recovery of a planar lithium electrode occurs naturally. We calculate the local current density 

as a function of time and position in the vicinity of the globule. An excess current density observed 

from a reference frame attached to the electrode/electrolyte interface quantifies the flattening of 

the globule. We demonstrate that a suitably normalized excess current density decreases as the 

protrusion shrinks due to a decrease in the driving forces for healing. Our conclusions are based 

on a detailed analysis of one globule. It is desirable to quantify the dynamics of stripping of a large 

ensemble of globules. We hope accomplish this in future studies.  In spite of the limitations of our 

work thus far, it demonstrates that it may be possible to develop discharging protocols with the 

purpose of returning a lithium electrode to its initial planar state. 

 

4.5 Supporting Information 
 Additional examples of globule stripping and cycling over time as observed by X-ray 

tomography can be found in Appendix II (Section 9.2) of this dissertation.  
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5. Experimental Local Current Density Correlation Functions describing 

Nonplanar Plating and Stripping of Lithium Metal Electrodes 
5 

ABSTRACT 

Plating and stripping of a lithium protrusion in a lithium metal symmetric cell over a 

series of time steps was imaged in 3D using X-ray tomography. Current density at the 

positive electrode, current density at the negative electrode, and interelectrode distance 

were quantified and mapped as a function of position. Correlation functions are 

calculated to reveal the relationships between these three microscopic measured 

parameters. We show that current density between the two parallel electrodes is not 

highly correlated until the interelectrode distance decreases to less than 6 µm at the 

protrusion, despite the initial interelectrode distance of 25 µm. Further, a simple mass 

balance calculation was used to estimate the area over which lithium ions from the 

stripped electrode are focused towards a growing protrusion on the plated electrode. 

These results shed light on the interactions between parallel lithium electrodes separated 

by a battery-relevant distance, and are of interest to understand the effects of tuning the 

interelectrode distance in a lithium metal battery.  

 

5.1 Introduction 
Rechargeable batteries with a lithium metal anode are of significant current interest, as they 

represent a promising approach for increasing energy density and specific energy from a baseline 

lithium-ion chemistry.10 However, the emergence of non-planar, protruding deposits on the lithium 

metal electrode during charging is a serious problem that remains unresolved in spite of 

considerable effort.75 This is commonly referred to as the “dendrite” problem because the 

nonplanar deposits obtained when a lithium metal electrode is charged using a liquid electrolyte 

generally have a branched, filamentous structure.24 Theoretical models suggest that planar 

deposition of lithium can be encouraged by using a rigid electrolyte, wherein compressive forces 

on the electrode discourage the growth of protrusions.17,83,85 It is convenient to study nonplanar 

lithium electrodeposition in symmetric lithium/electrolyte/lithium cells because the confounding 

influences of the transport of lithium ions emerging from a porous battery cathode are avoided.8 

Many groups have adopted this platform for studying the lithium dendrite problem.  

In this paper, we directly image the plating and stripping of lithium protrusions during 

electrodeposition in a symmetric cell before conducting quantitative analysis and linking our 

results to a theoretical model. Direct imaging of lithium morphology has provided useful insight 

into the nature of lithium metal electrodeposition: tomography has been increasingly used to 

examine liquid, polymer, and solid electrolytes.37,60,67–69,89,90 However, extracting quantitative 

 
5
 Portions of this chapter are adapted from Maslyn, J. A.; McEntush, K. D.; Harry, K. J.; Frenck, L.; Loo, W. S.; 

Parkinson, D. Y.; Balsara, N. P., Experimental Local Current Density Correlation Functions describing Nonplanar 

Plating and Stripping of Lithium Metal Electrodes, which is a manuscript in preparation. Written permission was 

obtained from the co-authors. Pallab Barai and Venkat Srinivasan provided related modeling work which will be 

published in the final manuscript.  
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information such as spatial current density requires accurate, time-resolved visualization followed 

by careful analysis, and therefore remains rare.38,42,91,92 Theoretical studies of lithium dendrite 

growth abound82,137, including those relevant to polymer electrolytes.17,38,81,83,85,106 However, 

studies rarely account for both the source and sink of lithium ions. This is helpful to account for 

because current density at one electrode is linked by the magnitude and direction of lithium ion 

flux through the electrolyte to current density at the other electrode. When electrodes are separated 

by a battery-relevant distance, generally less than 30 µm, inhomogeneous current density from the 

opposite electrode may have to be accounted for to fully understand ion flux through the 

electrolyte.  

We report three-dimensional (3D) position space images of symmetric cells obtained as a 

function of time using synchrotron hard X-ray tomography. 3D renderings provide an opportunity 

to correlate various factors such as experimental current density, interelectrode distance, and 

electrode shape. A rigid block copolymer electrolyte, polystyrene-block-poly(ethylene oxide) 

(SEO) and lithium salt, was used. This electrolyte has been previously shown to suppress the 

growth of lithium dendrites; instead compact globular morphologies are obtained at sufficiently 

high current densities.36 (KJH Nat Mat, JAM JPCC, Frenck review +refs) Since the characteristic 

length scale of the relevant protrusions in SEO is on the order of tens of microns, micron-scale 

resolution in a millimeter-scale field of view is sufficient for quantitative analysis. Quantitative 

analysis of a series of tomograms is possible by subtracting one dataset from another and analyzing 

local changes of the electrodes. Where and how many lithium ions are reduced and oxidized 

represent the current density on the electrode. Digital analysis is challenging because of noise at 

the resolution limit of the imaging technique. Despite the limitations, we make significant progress 

in the extraction of useful insights from what were previously only qualitative visualizations. 

Non-planar lithium electrodeposition is inherently related to inhomogeneities in the local 

current density at the lithium electrode, but the evolution of complex lithium morphologies during 

plating and stripping is difficult to observe and rarely further quantified.45,58 This work is the first 

to quantitatively examine the relationship between two opposing electrodes of changing 

morphology over time. We investigate both the growth of a protrusion under plating conditions 

and the shrinking of a protrusion under stripping conditions. We quantify and map as a function 

of position (1) current density at the positive electrode, (2) current density at the negative electrode, 

and (3) interelectrode distance. Then, we investigate how these three microscopic measured 

parameters are correlated to each other. We discuss the expected relationships of these parameters.  

 

  



 

 

 

61 

 

 

5.2 Experimental 

5.2.1 Cell fabrication 

Experimental methods for polymer synthesis and cell fabrication for the cell referenced in 

Figs. 5.2-5.7 are given in Ref.38 (Harry et al. JECS 2015) Experimental methods for polymer 

synthesis67,107,142 and cell fabrication for the cell referenced in Fig. 5.8 are given in Ref.143  

5.2.2 Time-resolved X-ray tomography 

Table 5.1. Summary of cell imaged to study protrusion growth.  

Time 

[h] 

Charge passed 

[C cm-2] 

Charge passed 

[mA h cm-2] 

Calculated 

height of lithium 

[µm] 

Normalized 

interelectrode 

distance, 
𝒙

𝑳
 

 

0 0 0 0 1 

13.1 8.25 2.29 11.1 0.64 

26.2 16.5 4.58 22.2 0.59 

56.8 35.8 9.94 48.2 0.51 

56.7 54.6 15.2 73.6 0.27 

197 124 34.5 167 0 

 

In Table 5.1, we describe cumulative time of deposition, charge passed, and theoretical 

height of lithium deposition for featured time-steps of globule growth at a current density of 0.175 

mA cm-2 applied by the potentiostat. This table is relevant for the cell in Figs. 1-5. X-ray 

microtomography was used to image the cell at each time step in the table. At t = 0 h, the cell has 

completed its preconditioning cycles and polarization has not yet begin. At t = 197 h, the cell is 

short-circuited due to the growth of the lithium globule. At intermediate times, the lithium globule 

is growing inside the cell.  
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Table 5.2. Summary of cell imaged to study protrusion stripping.  

Time of 

polarization 

 

Charge passed 

 

Calculated 

height of lithium 

Normalized 

interelectrode 

distance, 
𝒙

𝑳
 

[h] [C cm-2] [mA h cm-2] [µm] 
 

155 97.6 27.1 131.6 0.35 

Time of reverse 

polarization 

Charge passed 

 

Calculated 

height of lithium 

Normalized 

interelectrode 

distance, 
𝒙

𝑳
 

[h] [C cm-2] [mA h cm-2] [µm]  

0 0 0 0 0.35 

10 6.30 1.75 8.49 0.50 

22 13.9 3.85 18.7 0.68 

32 20.2 5.60 27.2 0.83 

42 26.5 7.35 35.6 0.86 

 

In Table 5.2, we describe cumulative time of deposition, charge passed, and theoretical 

height of lithium deposition for featured time-steps of globule growth at a current density of 0.175 

mA cm-2 applied by the potentiostat. This table is relevant for the cell in Fig. 6. This cell was first 

polarized for 155 h, and this resulted in the growth of globules. The cell had not short-circuited at 

this time, which we define to be t = 0. We then polarized the cell in the reverse direction to observe 

stripping of the globules. At t = n h, the cell has been subjected to n hours of reverse polarization. 

X-ray microtomography was used to image the cell at each time step in the table.  

5.2.3 Image segmentation 

3D volume analysis builds on techniques described in Harry et al. (Harry Higa Srinivasan) 

and are reported in Ref.143 Segmentation and alignment were updated on the cell reported in Harry 

et al. before the results were replotted in this manuscript in Figs. 1-5. Small differences in 

orientation between time-steps needed to be accounted for in order to get accurate correlations on 

a pixel-by-pixel basis. A tilt correction was applied in MATLAB to the time point at t = 26.2 h, 

which was observed to be rotated in space with respect to the other volumes. This was 

accomplished by successively leveling the electrode-electrolyte interface in space by fixing the 

corners of the sample at the same height and reassigning the interface location accordingly.  
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5.2 Results and Discussion 

 

Figure 5.1. Schematic showing relevant parameters in a lithium symmetric cell with a nonplanar electrode.  

The framework for our discussion of the plating and stripping processes is shown 

schematically in Figure 5.1. Here, we show a symmetric cell with a planar lithium electrode at the 

top and an electrode containing a protrusion at the bottom. We use a 2D schematic but 

acknowledge the fact that the problem is inherently 3D in nature. In Fig. 5.1, we show plating of 

lithium on the bottom electrode. The driving force for electrodeposition is the potential difference 

between electrodes. The applied potential results in a lithium ion current, where lithium is oxidized 

at the top electrode. The ions thus obtained travel through the electrolyte due to a combination of 

diffusion and migration, and are reduced on the bottom electrode.  

For a planar electrode with a protruding imperfection, we expect the current density at the 

protrusion to be different from that on the surrounding plane. This can be rationalized by three 

factors (shape effects, interelectrode distance effects, and influence of a rigid electrolyte), which 

are discussed in detail in Section 1.3.3 of this dissertation. In the case of electrodeposition on the 

protrusion-containing bottom electrode, shape and interelectrode distance effects enhance the rate 

of deposition near the protrusion, while the influence of a rigid electrolyte will suppress the rate 

of deposition. Planar deposition will only occur if the third effect overwhelms the first two. In the 

case of electrodeposition from the protrusion-containing bottom electrode, all three factors 

enhance the rate at which stripping takes place on the protrusion. Here, there are no driving forces 

that oppose planar deposition.  

Fig. 5.1 defines relevant parameters which will be discussed later in this manuscript. 𝐿 is the 

interelectrode distance between planar electrodes. 𝑥 is the interelectrode distance between the 

globule tip and the opposite electrode. The globule center is defined as the location on the globule 

where the height is largest. 𝑖tip is the current density at the center of the globule. 𝑖base is the current 

density at the planar electrode away from the globule.  
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Figure 5.2. Visualization of globule growth over time. a) Volume rendering of lithium globule at different time 

steps as specified in Table 1. The lithium globule is rendered in dark gray, while the electrolyte is rendered in purple, 

the bottom lithium in light gray, and the impurity particle in dark red. The top lithium electrode is transparent. Lithium 

is plated from the top to the bottom electrode. b) yz slice through the 3D reconstruction. The darker gray lithium 

sandwiches the lighter gray electrolyte. The approximate location of the original electrode-electrolyte interface is 

marked with the dashed white line. c) Maps of electrolyte thickness, or interelectrode distance, in the xy plane. The 

first five panels of Fig. 5.1a and 5.1b were previously published in Harry et al.38  

Artificially colored volume renderings of the globule at six different time steps are shown 

in Fig. 5.2a. As lithium is deposited from the top electrode (rendered transparent) to the bottom 

electrode (rendered in light gray), the globule (rendered in dark gray) grows faster than the planar 

electrode surrounding it. At the last time-step, the globule fully punctures the electrolyte and the 

cell short-circuits. Fig. 5.2b shows yz slices through the 3D reconstructions rendered in Fig. 5.2a. 

Here, the grayscale value of each material reflects the electron density of the material. The darker 

gray lithium sandwiches the lighter gray polymer electrolyte. The dashed white line represents the 

approximate original location of the electrode-electrolyte interface. The location of the electrode-

electrolyte interface moves upward in the z-direction over time, and the nucleation site of the 

globule remains in a roughly constant position. We note that the relative positions of each volume 

of interest are dictated by external reference points, not by the globule itself. In Fig. 5.2c, an 

electrolyte thickness map is shown on an xy projection of the volume rendered in Fig. 5.2a. At the 

initial time, the electrolyte thickness is roughly uniform. The electrolyte thins in the center of the 

volume as the lithium globule pushes through the electrolyte. At the location of short-circuit, the 

electrolyte thickness reaches zero. The average electrolyte thickness over the plotted area is 

reported below each panel of Fig. 5.2c and does not change significantly with time. The thin spot 

near the protrusion is a small fraction of the area used to obtain the average electrolyte thickness.  
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Figure 5.3. Local current density maps for the top and bottom electrode at different times for a growing lithium 

globule. Each set of maps is labeled with the time point midway between the two time points that were compared to 

calculate the plotted current density. The colormap indicates the calculated local current density at each x, y position, 

ranging between 0 and 0.6 mA cm-2. a) The current density plotted on a projection view of each electrode-electrolyte 

interface in the xy plane. The average current density in the area shown is labeled along the bottom of the map. b) The 

bottom plot represents the same information in (a), except mapped onto an averaged 3D surface representing the 

interface between the electrode and electrolyte between the two time points used in the current density calculation. 

The z dimension represents the location of the interface, if z = 0 represents the initial position of the bottom electrode-

electrolyte interface at t = 0. The two electrodes were separated by an additional 100 µm for clarity.  
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Local current density maps for the top and bottom electrode at different times for a growing 

lithium globule are presented in Fig. 5.3. In Fig. 3a, this information is plotted as a color intensity 

at each x, y position in a projection view of the electrode. In Fig. 5.3b, the 2D current density maps 

are plotted onto a 3D interface that is the average of the two interfaces used to calculate current 

density.  

The maps at t = 6.5 h describe the nucleation and initial growth of the globule. The z-

position of the bottom interface at t = 6.5 his close to zero because comparatively little lithium has 

been deposited compared to the initial time point. The higher z-position of the top interface reflects 

the thickness of the electrolyte between the top and bottom electrodes, which were separated by 

an additional 100 µm for clarity. At t = 6.5 h, we observe a local hot spot in current density on the 

bottom electrode where the globule has nucleated and is growing into the electrolyte. On the top 

electrode, there is no visible variation in local current density as a function of position. An increase 

in current density from right to left is likely the result of a small, micron-scale tilt difference 

between the sample at timesteps t = 0 h and t = 13.1 h. The average current densities at the top and 

bottom electrode, which should be identical, are in good agreement and the overall calculated 

current density for this time step is very close to the current density applied by the potentiostat, 

0.175 mA cm-2. The maps at t = 19.5 h describe how the globule begins to broaden and the 

maximum in current density moves asymmetrically towards the perimeter. (Note that in Fig. 5.2a, 

the final globule is somewhat asymmetric.) The top electrode reveals no signature of the globule 

growth beneath. At t = 31.5 h and t = 57 h, the globule continues to grow upward and broaden 

somewhat asymmetrically. Still, the local current density and the 3D morphology of the top 

electrode reveal no signature of the globule growth beneath. Only at t = 87 h does the top electrode 

show signatures of the globule growth, both in 3D morphology and increased local current density. 

At this time, a cavity has been created in the top electrode due to the proximity of the growing 

globule. This cavity is either formed by an excess current density in the top electrode, plastic 

deformation of the electrode, or a combination of these two factors. The short-circuit finally occurs 

when the gain in volume of the highest point of the globule overcomes the corresponding loss of 

volume in the top electrode directly above it.  
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Figure 5.4. 1D plots showing experimental current density during deposition for the globule as a function of 

time. a) experimental current density on the bottom (plated) electrode, with the average current density at each time-

step subtracted, (b) experimental current density on the top (stripped) electrode, with the average current density at 

each time-step subtracted. We see current density delocalize from the tip and then re-localize at the tip as interelectrode 

distance becomes small.  

 Fig. 5.4 presents a comparison of the 1D radially averaged experimental current density 

for a symmetric cell containing a growing globule on both the plated and stripped electrode. The 

x-axis represents the distance away from the globule center, as defined in Fig. 5.1e. The y-axis 

represents the current density at the electrode above the average current density at that electrode 

for that time point, i. e.  𝑖 excess = 𝑖 − 𝑖 avg. The dashed vertical lines represent the radius of the 

globule at a particular time-step. Fig. 5.4a plots the current density at the plated electrode during 

globule growth. Soon after nucleation, we observe that the 𝑖 excess is much higher than the average 

current density and is maximized at the globule tip. At later times, 𝑖 excess decreases and delocalizes 

from the electrolyte tip due to the effect of mechanical suppression from the electrolyte. Fig. 5.4b 

plots  𝑖 excess for the stripped electrode. At early time points, 𝑖 excess above the globule is effectively 

zero (i. e. within a one-pixel error of zero). Only at the latest point in time does  𝑖 excess at the top 

electrode increase to significantly greater than zero. This represents the tip of the globule 

penetrating the stripped electrode before the short-circuit.  
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Figure 5.5. Normalized deviations as a function of time of a) electrolyte thickness or interelectrode distance, 𝐿, b) 

the current density at the top electrode at location (x, y), 𝑖top(𝑥, 𝑦), and c) the current density at the bottom electrode 

at location (x, y), 𝑖bot(𝑥, 𝑦). The deviations are calculated as labeled, with 𝐿ref defined as the average electrolyte 

thickness between the same two time points with which current density was calculated and 𝑖ref  =  0.175 mA cm-2, 

the current density applied by the potentiostat. Note that the same colormap applies to all three parameters.  

 

Fig. 5.5 shows the equations used to calculate and plots of the normalized deviations of 

three properties: electrolyte thickness or interelectrode distance, 𝐿, is displayed in Fig. 5.5a, current 

density at the stripped electrode at location (x, y), 𝑖top(𝑥, 𝑦) is displayed in Fig. 5.5b, and current 

density at the plated electrode at location (x, y), 𝑖bot(𝑥, 𝑦) is displayed in Fig. 5.5c. The normalized 

deviations for electrolyte thickness increase in magnitude at the thin spot in the electrolyte as the 

protrusion grows larger. The increased rate of lithium reduction on the bottom electrode is clearly 

visible in the normalized deviations in Fig. 5.5c. In contrast, no pattern in normalized deviation 

for current density on the top electrode is visible until the last time-step, at t = 145 h.  
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Figure 5.6. Correlation functions between pairs of parameters, calculated as the product of the normalized 

deviation parameters plotted in Fig. 5.3. The correlations were calculated for every pixel using Eqs. 5.1 and 5.2 and 

radially averaged using the same center location for every globule. The traces are spaced vertically by 0.25 units for 

clarity: the horizontal dotted line marks zero for each correlation function. The blue trace indicates the correlation for 

the t = 142 h current density map, the red t = 71.8 h, the yellow t = 41.5 h, the orange t = 19.7 h, and the red t = 6.6 

h. The vertical dotted lines indicate the radius of the globule at the time matching the color of the correlation function. 

(a) Experimental correlations between 𝑖bot and 𝐿, (b) experimental correlations between 𝑖top and 𝐿, (c) experimental 

correlations between 𝑖top and 𝑖bot.  

The correlation functions at each pixel (𝑥, 𝑦) were calculated according to the following 

equations:  

     〈𝑖bot(𝑥, 𝑦), 𝐿(𝑥, 𝑦)〉 =
𝑖bot(𝑥, 𝑦) −  𝑖bot,avg

𝑖ref
∗

𝐿(𝑥, 𝑦) −  𝐿avg

𝐿ref
, (5.1) 

〈𝑖top(𝑥, 𝑦), 𝐿(𝑥, 𝑦)〉 =
𝑖top(𝑥, 𝑦) −  𝑖top,avg

𝑖ref
∗

𝐿(𝑥, 𝑦) −  𝐿avg

𝐿ref
, (5.2) 

〈𝑖top(𝑥, 𝑦), 𝑖bot(𝑥, 𝑦)〉 =
𝑖top(𝑥, 𝑦) −  𝑖top,avg

𝑖ref
∗

𝑖bot(𝑥, 𝑦) −  𝑖bot,avg

𝑖ref
. (5.3) 

The current density and electrolyte thickness measurements are inherently noisy. If this noise is 

the dominant factor, then the correlation functions defined in Eq. 5.1-3 will approach zero. The 

noise in current density measurements is substantially higher than that in electrolyte thickness 

measurements. The correlation functions were radially averaged and plotted in Fig. 6. Note that 

the values of all correlation functions go to zero for a planar electrode, when the distance from the 

globule center is large. In Fig. 5.6a, the correlation between current density at the bottom (plated) 

electrode and interelectrode distance is plotted. Maxima in this correlation function correspond to 

maxima in the current density argument. As current density delocalizes from the protrusion tip, 

the magnitude of these maxima decrease as time increases through t = 71.4 h: it is notable that this 

correlation function decreases as the distance between the protrusion tip and the opposite electrode 

shrinks during this time period. Between t = 71.4 h and t = 142 h, the correlation function at the 
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globule. In Fig. 5.6b, the correlation function between current density at the top (stripped) 

electrode and interelectrode distance is plotted. The correlation is negligible for all time-steps 

except the final time-step, t = 142, indicating that the local current density at the top electrode is 

not influenced by the growing globule until the globule comes within a certain distance of the top 

electrode. This indicates that the interelectrode distance does not influence the rate of lithium 

plating until the globule has grown at least 2/3 of the way across the electrolyte. Fig. 5.6c plots the 

correlation function between current densities at the top and bottom electrode. Interestingly, this 

correlation function is initially nonzero at the globule during early times before decreasing to zero 

at intermediate times and finally increasing again to a nonzero value during the final timestep. We 

interpret nonzero values of the correlation function at early times to reflect the high value of the 

𝑖bot(𝑥, 𝑦) correlation function argument at these times. During the intermediate growth stage (t = 

41.5 and t = 71.4), the two current densities appear uncorrelated, despite the normalized 

interelectrode distance 
𝑥

𝐿
 decreasing from 0.59 to 0.27. 

If the rate of lithium plating and stripping was a strong function of interelectrode distance, 

we would expect the correlation functions in Fig. 5.6a and 5.6b to match. For the majority of the 

globule’s life, the correlation functions do not match: only during the final time-step do we see 

correspondence. We would also expect nonzero current density correlations on Fig. 5.6c at every 

time point. We interpret this to mean that rate of lithium plating and stripping is only a strong 

function of interelectrode distance in this system after the interelectrode distance has decreased 

below some critical distance. This critical threshold was crossed by the globule after t = 86.7 h, 

indicating that this distance is less than 6.5 µm.  
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Figure 5.7. The result of a conservation of mass calculation on lithium ions. The maps show regions of the top 

and bottom electrode interface with the same (𝑥, 𝑦) positions; that is, the rectangle on the top electrode is directly 

above the rectangle on the bottom electrode. Yellow tiles on the bottom electrode indicate positions where tracked 

lithium has been plated. Yellow tiles on the top electrode indicate positions on the top electrode where the tracked 

lithium originated. The total volume of lithium stripped from the yellow-highlighted locations on the top electrode is 

equal to the total volume of lithium deposited onto the yellow-highlighted locations on the bottom electrode. (a) Maps 

for a location far from the globule. (b) Maps for the position of the globule at t = 6.6 h. (c) Maps for the position of 

the globule at t = 19.7 h. (d) Schematic view of the significance of Fig. 5.7a-c. Far from the globule center, the mass 

balance indicates that the flux lines of lithium are perpendicular to the electrode. In the vicinity of the globule, the 

lithium flux lines are directed towards the globule.  
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Fig. 5.7 shows the results of a simple mass balance calculation for different (𝑥, 𝑦) positions 

in the lithium symmetric cell. The calculation was completed as follows: the amount of lithium 

deposited at each pixel was calculated using methods described in the experimental section. For 

each pixel on the plated electrode, we first examined a pixel that was located directly above it in 

the stripped electrode. We computed the amount of lithium that was lost at this pixel using the 

same methods. If this amount was less than that deposited, then a neighboring pixel was chosen at 

random and the lithium lost from this pixel was added to the mass balance. This computation was 

repeated until mass balance at the chosen pixel on the bottom electrode was fulfilled. All of the 

pixels thus chosen on the top electrode were highlighted in yellow. The pixels on the plated 

electrode were assigned corresponding locations on the stripped electrode in order from highest 

height to lowest height (i. e. the globule tip was assigned first). Fig. 5.7a shows a sample result of 

this calculation away from the globule, where the electrodes are planar and roughly parallel. An 

area on the plated electrode was selected. This area is highlighted in yellow on the bottom 

electrode. The area from which lithium was drawn is highlighted in yellow on the stripped 

electrode. As shown in Fig. 5.7a, the highlighted region on the top electrode is identical to that on 

the bottom electrode. This implies that the current density integrated over the highlighted region 

of the bottom electrode is identical to that of the highlighted region of the top electrode. Fig. 5.7b 

shows the results of the same calculation applied to an area that contains the globule at the time-

step centered at t = 6.6 h. Here, we see that the highlighted region on the top electrode is 

significantly larger than that on the bottom electrode. In other words, the current density on the 

top electrode must be integrated over a substantially larger area to match that on the highlighted 

area of the bottom electrode. This result is consistent with the 2D current density map at t = 6.6 h 

in Fig. 3a. This map shows that the current density on the top electrode is more or less uniform. 

Thus, in order to deliver more lithium to the protrusion, the lithium must arrive from a larger area 

on the top electrode. The microscopic calculation in Fig. 5.7 quantifies this effect. We define the 

ratio of the corresponding areas on the top and bottom electrodes to be 
𝐴dissolution

𝐴deposition
. In Fig. 5.7a, 

𝐴dissolution

𝐴deposition
= 1, in Fig. 5.7b, 

𝐴dissolution

𝐴deposition
= 2.9, and in Fig. 5.7c, 

𝐴dissolution

𝐴deposition
= 1.9. Fig. 5.7d shows 

these results schematically: the flux lines far from the globule are perpendicular to the electrodes, 

but the flux lines near the globule are deflected towards the globule. This type of calculation gives 

insight into the path of lithium ions as they cross the electrolyte.  
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Figure 5.8. Summarized analysis for lithium stripping from a globule and lithium plating on a planar electrode 
(the reverse of the situation represented in Fig. 5.2). (a) Volume renderings of a lithium symmetric cell while lithium 

is stripped from the bottom electrode. The globule is rendered in dark gray, the planar lithium electrode in light gray, 

the electrolyte in purple, and the upper electrode is rendered transparent. (b) Digital slices in the yz plane through the 

3D reconstruction rendered in Fig. 5.6a. (c-e) 1D plots of the correlation functions between current density at the top 

electrode, current density at the bottom electrode, and interelectrode distance. These are analogous to those plotted in 

Fig. 5.6 for lithium flux in the opposite direction, and were calculated with the same procedure. (a) and (b) of this 

figure were previously published in Ref. 143  

Figs. 5.2-5 showed the visualization and analysis for a lithium symmetric cell with a 

growing globule and stripped planar electrode. Fig. 5.6 summarizes the equivalent analysis for a 

lithium symmetric cell with a shrinking globule and plated planar electrode. The plating and 

stripping recipe for this globule is reported in Table 2. Fig. 5.6a and 5.6b show volume renderings 

and orthogonal slices through the time-resolved 3D reconstructions of the lithium symmetric cell, 

analogous to Fig. 5.2a and 5.2b. These figures show that the globule is preferentially stripped as 

lithium is oxidized at the bottom electrode and lithium is reduced at the top electrode. Fig. 5.6c-e 

is analogous to Fig. 5.6 and plots the 1D correlation functions between current density at the top 

electrode, current density at the bottom electrode, and interelectrode distance. We observe 

consistent trends in the correlation functions; namely, current densities between locations on 

opposite electrodes do not appear correlated. In this cell, the interelectrode distance remained 

below the critical interelectrode distance threshold. Here, the minimum interelectrode distance at 

t = 0 h was again 6.5 µm.  

5.4 Conclusion 
Plating and stripping of a globule over a series of time steps was imaged in 3D using X-

ray tomography. Current density at the positive electrode, current density at the negative electrode, 

and interelectrode distance were quantified and mapped as a function of position. Correlation 

functions were calculated to show that current density between the two parallel electrodes were 

not highly correlated until the interelectrode distance decreased to less than six µm at the 

protrusion, despite the initial interelectrode distance of 25 µm. This was shown to be true for both 

a plated protrusion and a stripped protrusion. Further, a simple mass balance calculation was used 

to estimate the area on the stripped electrode which donates lithium ions to a growing protrusion. 

These results shed light how geometric considerations affect lithium ion flux lines between the 
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anode and cathode of a lithium cell, and are of interest for the future design of lithium metal 

batteries.  
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6. Limiting Current in Nanostructured Block Copolymer Electrolytes6 

ABSTRACT 

Next-generation electrolytes for lithium metal batteries must be able to conduct ions at 

sufficiently high current densities, yet this property is rarely quantified directly. The 

limiting current density of an electrolyte is proportional to electrolyte thickness and 

describes its highest possible rate of ion transport. Herein, we report on the limiting 

current density in twelve nanostructured polystyrene-block-poly(ethylene oxide)  

copolymer electrolytes. Ionic conductivity, the restricted diffusion coefficient, and the 

steady-state current fraction are also reported. The limiting current densities of these 

nanostructured electrolytes were compared to those of homopolymer poly(ethylene 

oxide) electrolytes using both the effective medium theory put forth by Sax and Ottino 

and a model based on concentration solution theory. Effective-medium theory was shown 

to significantly overestimate the limiting current density, while the estimate based on 

concentrated solution theory was shown to apply remarkably well to these nanostructured 

electrolytes.  

6.1 Introduction 
Smaller, lighter, more powerful batteries will help drive the next generation of mobile 

technologies with energy from renewable sources. Battery chemistries incorporating a lithium 

metal anode offer high theoretical specific energies and energy densities, but no electrolyte has yet 

been shown to be adequate, despite considerable effort.3,7,75,144 A suitable electrolyte must promote 

reversible lithium metal electrodeposition and stripping, and also conduct ions at a sufficiently 

high rate. Nanostructured rigid electrolytes have shown promise for this purpose: such materials 

contain conducting domains for ion transport and rigid domains to promote stable lithium 

deposition.145,146 The ion transport properties of such composite materials are not easily predicted 

solely from ion transport properties of the conducting domain alone.  

 Key transport performance metrics exist for the evaluation of electrolytes wherein the 

charge carriers are in the form of added salt ions. One such metric is the current-voltage 

relationship in an electrolyte at steady-state in the presence of salt concentration gradients.15,16,79,147 

Another metric is the limiting current density, which is defined as the maximum steady-state 

current density through an electrolyte.148–151 Here, we define an electrolyte as a salt-solvent 

combination at a particular concentration. At the limiting current density, the salt concentration at 

the cathode is identically zero.152,153 Thus, when the applied current density exceeds the limiting 

current density, the Li+ redox reaction cannot occur at this electrode at steady-state.  

While the importance of limiting current density is well established in the literature, it is 

rarely measured in lithium-ion-based electrolytes.154–158 In polymer electrolytes, it has been 

published in mixtures of poly(ethylene oxide) (PEO) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI).19 Herein, we report on the limiting current density 

 
6
 Portions of this chapter are adapted from Maslyn, J. A.; Frenck, L.; Veeraraghavan, V. D.; Ho, A. S.; Marwaha, 

N.; Loo, W. S.; Müller, A.; Minor, A. A.; Balsara, N. P., Limiting Current in Nanostructured Block Copolymer 

Electrolytes, which is a manuscript in preparation. Written permission was obtained from the co-authors.  
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in twelve nanostructured polystyrene-block-poly(ethylene oxide) (PS-b-PEO, or SEO) copolymer 

electrolytes. These electrolytes are combinations of four SEO block copolymers and three choices 

of lithium salt concentration. These electrolytes self-assemble into lamellar morphologies, with 

alternating layers of ion-conducting PEO and mechanically reinforcing PS. The salt is 

preferentially located in the PEO-rich lamellae. In the simplest case, ion transport in these 

electrolytes is governed by three transport coefficients, along with a thermodynamic factor, 𝑇f: 

three transport coefficients are ionic conductivity 𝜅, the salt diffusion coefficient 𝐷, and the cation 

transference number with respect to the solvent velocity 𝑡+
0 .18 These parameters have been 

determined for two SEO block copolymers.28,39 SEO transport coefficients can also be predicted 

from the transport coefficients of PEO using the effective-medium theory of Sax and Ottino.146,159 

Both sets of transport parameters can be used to predict limiting current using Newman’s 

concentrated solution theory.18,19,160,161 In this paper, we compare measured limiting current 

density in the twelve nanostructured electrolytes with predictions based on both approaches.  

 

6.2 Experimental 

6.2.1 Polymer synthesis 

In this study, we used a polystyrene-block-poly(ethylene oxide) copolymer (PS-PEO, or 

SEO), which was synthesized by anionic polymerization, as described in previous work.67,107,109,142 

Characteristics of the twelve electrolytes used are reported in Table 1: name, molecular weight of 

the PS block, molecular weight of the PEO block, polydispersity index in NMP with respect to a 

polystyrene standard, and corresponding salt concentrations and volume fraction PEO and LiTFSI 

as calculated based on partial molar volumes.162 The salt concentration 𝑟 is defined as the molar 

ratio between LiTFSI and EO monomer units in the block copolymer.   

Table 6.1: Properties of SEO electrolytes used in this study. 

Name MPS  

[kg mol-1] 

MPEO 

[kg mol-1] 

PDI 𝒓 φEO+LiTFSI 

SEO(110-183) 110 183 1.10 0 0.62 

0.04 0.65 

0.085 0.67 

0.12 0.69 

SEO(115-172) 115 172 1.10 0 0.59 

0.04 0.62 

0.085 0.65 

0.12 0.67 

SEO(200-222) 200 222 1.08 0 0.52 

0.04 0.55 

0.085 0.58 

0.12 0.60 

SEO(235-222) 235 222 1.05 0 0.48 

0.04 0.51 

0.085 0.54 

0.12 0.56 
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All electrolyte preparation and electrochemical cell assembly steps were performed in argon filled 

gloveboxes with less than 1 ppm of water and less than 1 ppm of oxygen to avoid contamination. 

6.2.2 Electrolyte casting 

Methods for electrolyte preparation and electrochemical cell fabrication closely mimic 

those previously reported.60,62,67–69 The salt used in this study was lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI). The solvent was N-Methyl-2-pyrrolidone (NMP). 

This casting method results in freestanding electrolyte membranes 35-200 µm thick.  

6.2.3 Ionic conductivity 

Ionic conductivity measurements were performed using both aluminum|SEO|aluminum symmetric 

cells and lithium|SEO|lithium symmetric cells. Cells were assembled using one circular punch of 

an SEO electrolyte membrane with a diameter of 3/8 inches and two circular punches of electrode 

material with diameters of 5/16 inches. The two electrodes were either aluminum blocking 

electrodes or lithium metal non-blocking electrodes which were backed with nickel foil. The 

lithium metal was obtained from FMC. After assembly, the aluminum cells were pressed in a hand-

press at 90 °C for 10 s, while the lithium cells were pressed in a hand-press at room temperature 

for 10 s. Then, tabs were added and pressed cells were vacuum sealed inside a laminated aluminum 

pouch material (Showa-Denko). Electrochemical measurements were conducted on sealed cells 

outside the glovebox. Cells were heated in a home-built stage with copper bars sandwiching the 

cell on either side. First, aluminum symmetric cells were annealed at 120 °C for at least 4 h in 

order to ensure good contact and erase the electrolyte’s temperature history. Lithium symmetric 

cells were annealed for at least 1 h at 120 °C followed by 3 h at 110 °C. Cells were equilibrated at 

the temperature of interest for at least 1 h prior to the electrochemical measurements. All reported 

electrochemical data is for cells at 90 °C. Ionic conductivity measurements were measured by ac 

impedance spectroscopy using a BioLogic VMP3 potentiostat. Complex electrochemical 

impedance spectra were acquired for a frequency range from 1 MHz to 1 Hz at an amplitude of 40 

mV. The data were analyzed in the form of a Nyquist plot and the electrical equivalent circuits in 

Fig. 6.1 were used to fit the data and obtain the bulk impedance used to calculate the ionic 

conductivity, as well as the interfacial impedance. R1 and L1 represent the response of the external 

cables, R2 and Q2 represent the electrolyte, and R3 and Q3 represent the polymer/lithium interface.  

 

Figure 6.1. Electrical equivalent circuits used to fit Nyquist plots for cells with (a) aluminum blocking electrodes 

and (b) lithium non-blocking electrodes. R represents a resistor, L an inductor, and Q a constant phase element. L1 

was restricted to be positive and R1 was set to 0.1 Ohms before fitting.  
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6.2.4 Diffusion coefficient and steady-state current fraction 

Steady-state current fraction and restricted diffusion measurements were performed using 

Li|SEO|Li symmetric cells (same assembly method as for ionic conductivity cells with lithium 

metal electrodes) and a BioLogic VMP3 potentiostat. Before measurements, cells were annealed 

for 1 h at 120 °C followed by 3 h at 110 °C. All measurements were performed at 90 °C. To ensure 

stable interfacial layers at the lithium-polymer interfaces, 6 charge/discharge conditioning cycles 

at a low current density of 0.02 mA cm-2 were performed prior to the measurements. Each 

conditioning cycle consisted of 4 h charge followed by a 45 min rest and a 4 h discharge followed 

by a 45 min rest. Ac electrochemical impedance spectroscopy was performed before polarization. 

The steady-state current fraction experiment consisted of applying a potential of ΔV = 20 mV and 

measuring the current at time intervals of 100 ms for 2 h, a time long enough to reach steady-state 

current. Ac impedance spectra were measured every 15 min. In the absence of a concentration 

gradient (i.e. prior to polarization), the calculated initial current, 𝑖𝛺, is defined by Ohm’s law as 

given in Equation 6.1, where 𝛥𝑉 is the difference between the potential response and the open-

circuit voltage of the cell, and 𝑅𝑖,0 and 𝑅𝑏,0 are the initial resistances measured by ac impedance 

spectroscopy for the interface and the bulk respectively .15  

𝑖𝛺 =
𝛥𝑉

𝑅𝑖,0 +  𝑅𝑏,0

(6.1) 

The current fraction, 𝜌+, was calculated according to Eq. 6.2 as established by Evans, Bruce, and 

Vincent. 𝑅𝑖,𝑆𝑆the resistance of the interface at steady-state measured by ac impedance 

spectroscopy, and  𝑖𝑆𝑆 is the steady-state current.8,15,16,79  

𝜌+ =
𝑖𝑆𝑆(𝛥𝑉 − 𝑖𝛺𝑅𝑖,0)

𝑖𝛺(𝛥𝑉 − 𝑖𝑆𝑆𝑅𝑖,𝑆𝑆)
(6.2) 

Restricted-diffusion measurements of SEO electrolytes were performed immediately after the 

experiment to measure the current fraction. After a steady-state voltage response was reached, the 

cells were allowed to relax for up to 10 h under open-circuit voltage (OCV) conditions while the 

OCV, U, was recorded at time intervals of 500 ms. The data are fit to the functional form  

𝑈(𝑡) = 𝑘0 + 𝑎𝑒−𝑏𝑡 (6.3) 

where a and b are the fit parameters and 𝑘0 is an empirically determined offset voltage. We posit 

that the offset voltage, 𝑘0, arises from small temperature gradients in the symmetric cells due to 

the heating stage geometry.14 The offset voltage is much smaller than U over most of the 

experimental window. The salt diffusion coefficient, 𝐷, is calculated using 

𝐷 =
𝐿2𝑏

𝜋2
(6.4) 

where b is from the fit of Eq. 6.3 and L is the thickness of the electrolyte.14,163,164 The lower limits 

of the fits are such that Dt/L2 > 0.05. 

 

6.2.5 Limiting current density 

The procedure to measure limiting current density was inspired by that reported by 

Hudson.158 To ensure stable interfacial layers at the lithium-polymer interfaces, 6 charge/discharge 
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conditioning cycles at a low current density of 0.02 mA cm-2 were performed prior to the 

measurements. Each conditioning cycle consisted of 4 h charge followed by a 45 min rest and a 4 

h discharge followed by a 45 min rest. To determine the limiting current density, lithium symmetric 

cells were polarized at a range of current densities. All experiments were conducted at 90 °C. Cells 

were first polarized in the positive and negative directions at 0.02, 0.05, and 0.08 mA cm-2 to 

establish the linear regime for the current-voltage relationship. During this step, each cell was 

polarized in one direction for 15 minutes, followed by a 15 min open circuit step to allow for 

relaxation, followed by 15 minutes of polarization in the opposite direction and then the same open 

circuit step. Following this initial characterization, a constant current density was applied to the 

cell and the resulting potential was measured. One of three outcomes was observed: (1) the 

potential reached a steady-state value, (2) the potential diverged to infinity such that it would not 

reach a steady-state potential, or (3) the result was inconclusive. Once one of the outcomes was 

determined, the applied current was stopped and the cell was allowed to relax back to its 

equilibrium concentration gradient for at least 10 minutes. Polarization time was minimized to 

reduce the influence of dendritic growth on our measurements. In order to reduce polarization time 

at high current densities, we first sought an unsustainable current density i. e. one for which the 

voltage diverged. Following that, the highest sustainable current density was sought. Previous 

measurements informed the initial guesses of current densities to apply in each case. Once upper 

and lower bounds were established, intermediate current densities were tested in order to narrow 

the range of the bound until the range was less than 0.05 mA cm-2 or the cell failed by dendritic 

short-circuit. The impedance spectrum of the cell was measured between each current step to 

ensure no significant changes in the spectrum occurred between steps. The direction of applied 

current was alternated between each step to prolong cell lifetime. The true limiting current of the 

cell was taken to be within the range of the largest current applied which resulted in a steady-state 

potential and the smallest current applied which caused a divergence in potential. The points 

plotted as the limiting current are the average midpoints of this current range for at least three cells. 

The error bars represent the average upper bound and lower bound current densities. 

Electrochemical impedance spectroscopy was performed between measurements to ensure that the 

bulk and interfacial impedances remained constant. After experimentation, these pouch cells were 

opened inside a glovebox, and a portion of the symmetric cell was cut out, re-pouched, and imaged 

by X-ray microtomography to determine electrolyte thickness, 𝐿. 𝐿 corresponds to the average 

distance between approximately parallel electrodes, where the average was determined using at 

least 10 points within the cell using ImageJ on tomographic cross-sections of each cell.  

6.2.6 X-ray microtomography 

The cells were imaged using hard X-ray microtomography at the Advanced Light Source 

at Lawrence Berkeley National Laboratory. Monochromatic hard X-rays with energy 22 keV at 

beamline 8.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory 

illuminated the entire sample, and the X-ray shadow cast by the sample was converted into visible 

light using a scintillator. An optical microscope magnified this image and converted it into a digital 

image file. The sample was then rotated by a fraction of a degree and repeatedly imaged until 1,313 

images were collected from the sample as it was rotated through 180°. After a series of data 

processing steps using the software Xi-Cam87, these shadow images were converted to cross-

sectional slices that were then stacked together to render a 3D reconstruction of the cell. Cells were 

imaged in their original pouches at 4x magnification, corresponding to a pixel size of 
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approximately 1.625 μm. Cross-sectional slices were stacked and rendered by the software ImageJ 

to take measurements of electrolyte thickness.  

6.2.7 Electron microscopy 

Samples were prepared for microscopy in a method analogous to electrolyte membrane 

casting. The SEO block-copolymer was dissolved in NMP and mixed with LiTFSI such that the 

salt concentration was equal to 𝑟 = 0.04, 0.085 or 0.12. Then each solution was drop-cast on a 

silicon wafer. The solvent was evaporated at 60 °C on a casting plate, and then the samples were 

dried at 90 °C under active vacuum for 3 days prior to the experiment. Samples were transferred 

to the SEM facility using an air-tight desiccator. To prevent charging artefacts, a Gatan Sputter 

Coater was used to coat all samples with an approximately 2 nm thick carbon layer. The 

morphology of the samples was investigated using a FEI Helios G4 UX scanning electron 

microscope operated at 2 kV. Secondary electron images were acquired using the through-lens 

detector. 

 

6.3 Results and Discussion 

 

Figure 6.2. Absolute value of the length-normalized potential across the electrolyte as a function of time for 

different applied current densities. The measured potential was corrected to account for the potential drop due to 

interfacial impedances at the electrode/electrolyte interfaces and normalized by electrolyte thickness. These steps were 

conducted on one cell with the electrolyte SEO(235-222), 𝜑EO = 0.48, 𝑟 = 0.04, and 𝐿 = 43 μm at 90 °C.  

Typical results of the experiments used to determine the limiting current density are shown 

in Fig. 6.2. These steps were conducted on one cell with the electrolyte SEO(235-222), 𝜑EO =
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0.48, 𝑟 = 0.04, and 𝐿 = 43 μm . Cells were polarized at a fixed current density and the potential 

response was measured as a function of time. The potential drop across the electrolyte, Φ,  was 

calculated from the absolute potential response by subtracting the potential drop due to interfacial 

impedance as measured by ac impedance spectroscopy.19,161 At low current densities (below 0.50 

mA cm-2), the potential reaches a plateau in about four minutes. The largest sustainable current 

density for this cell is 0.50 mA cm-2. Increasing the current density to 0.55 mA cm-2 results in a 

qualitatively different behavior and the voltage versus time data exhibit an inflection beyond which 

the voltage increases rapidly as a function of time. We take this to be the signature that the limiting 

current density has been exceeded, i.e. the Li+ redox reaction at the cathode is compromised 

because the salt concentration is close to zero. The smallest unsustainable current density for this 

cell is 0.55 mA cm-2. We conclude that for the particular cell in Fig. 6.2, the limiting current density 

is 0.525 ± 0.025 mA cm-2. Such experiments were repeated for all of the electrolytes in Table 1.   

 

Figure 6.3. Limiting current density, 𝑖L, as a function of inverse electrolyte thickness, 𝐿−1, for a series of cells 

with electrolyte SEO(200-222) with salt concentration 𝑟 =  0.085 at 90 °C. 

In theory, limiting current density should be inversely proportional to electrolyte 

thickness.17,18 To validate our experimental method, we examine a series of cells with electrolyte 

SEO(200-222) with salt concentration 𝑟 =  0.085 and 𝐿 ranging from 34 to 74 µm. The results of 

these experiments are shown in Fig. 6.3, where 𝑖L is plotted versus inverse electrolyte thickness, 

𝐿−1. Note that X-ray microtomography was used to determine the electrolyte thickness of these 

cells (and all cells for which limiting current density was measured) as described in the Methods 

section. The reported error bars reflect the standard deviation of the values of L recorded from a 

given cell. 𝑖L was plotted as the midpoint of the largest sustainable current density and the smallest 

unsustainable current density as described in Fig. 6.2. The error bars represent these bounds. The 

dashed line is a least-squares fit through the data with a slope of 8.1 × 10-3 mA cm-1. The linear 
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relationship between the 𝑖L and 𝐿−1 shows that our experimental results are consistent with the 

expected dependence of limiting current density on electrolyte thickness.  

 

 

Figure 6.4. Measured limiting current density normalized to a 20 µm electrolyte thickness, 𝑖L,20 µm,  and limiting 

current density multiplied by thickness, 𝑖L 𝐿 for a series of SEO electrolytes at 90 °C. The dashed lines represent 

the prediction for limiting current density based on the transport properties of PEO and a lamellar morphology factor 

according to effective-medium theory. (a) Limiting current density plotted as a function of salt concentration in the 

conducting phase. The legend differentiates polymers by the volume fraction of PEO in the block copolymer without 

salt, 𝜑EO, referenced in Table 1. (b) Limiting current densities plotted as a function of conducting volume fraction 

𝜑EO+LiTFSI. The legend differentiates polymers by salt concentration. 

 Fig. 6.4a plots the experimental results of limiting current density measurements on the 

series of SEO electrolytes given in Table 6.1 as a function of salt concentration, 𝑟. The right 

vertical axis represents the limiting current density normalized to an electrolyte thickness of 20 
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µm, 𝑖L,20 µm,  while the right vertical axis represents limiting current density multiplied by 

thickness, 𝑖L 𝐿. The solid lines represent four different SEO copolymers at three salt 

concentrations. The legend differentiates polymers based on the volume fraction of PEO in the 

block copolymer without salt, 𝜑EO, referenced in Table 6.1. Generally, 𝑖L  increases linearly with 

salt concentration. This is consistent with the expression for limiting current density in 

homogenous dilute electrolytes with concentration-independent transport properties:17  

𝑖𝐿 =
2𝑐𝐷𝐹

𝐿(1 − 𝑡+)
. (6.5) 

where 𝑐 is the average concentration of salt in the electrolyte, 𝐷 is the salt diffusion coefficient, 𝐹 

is the Faraday constant, 𝐿 is the electrolyte thickness, and 𝑡+ is the cation transference number. For 

a homopolymer electrolyte and a microphase separated electrolyte, 𝑐 is related to 𝑟 in the same 

way because it is defined as the concentration of salt in the ion-conducting phase:39   

𝑐(𝑟) =
ρ 𝑟

𝑀EO + 𝑟 𝑀LiTFSI

(6.6) 

where here, ρ is the density of the PEO conducting phase, 𝑟 is the molar ratio of lithium atoms to 

ethylene oxide (EO) moieties, 𝑀EO and 𝑀LiTFSI are the molar masses of the EO unit (44.05 g mol-

1) and LiTFSI (287.08 g mol-1), respectively.  

Limiting current density measurements in PEO-LiTFSI homopolymer electrolytes reported 

in Gribble et al.19 can be used to estimate the limiting current density in SEO-LiTFSI electrolytes. 

Concentration polarization in symmetric cells can be rigorously predicted using concentrated 

solution theory using Eq. 6.6.161  

∫
𝐷(𝑟) 𝑐(𝑟)

𝑟 𝑡−
0(𝑟)

𝑟(𝑥)

𝑟(𝑥=0)

𝑑𝑟 = −
𝑖𝐿

𝐹
(

𝑥

𝐿
) . (6.7) 

where 𝑟(𝑥) is a unitless molar ratio of salt in the electrolyte as a function of position 𝑥, 𝐷(𝑟) is 

the salt diffusion coefficient as a function of 𝑟, 𝑐(𝑟) is defined in Eq. 6.6,  𝑖 is the current density, 

𝐿 is the electrolyte thickness, and 𝑡−
0  is the rigorously defined anion transference number with 

respect to solvent velocity.18 Effective-medium theory can be used to relate transport parameters 

in homopolymer and block copolymer electrolytes as described by Hallinan et al.146,159  

Hallinan et al. proposed the following relationship between a diffusion coefficient in a composite 

electrolyte with one conducting domain, in this case 𝐷𝑆𝐸𝑂, compared to the diffusion coefficient 

in the conducting phase, in this case 𝐷𝑃𝐸𝑂, where 𝑓 represents the form factor and 𝜏 represents the 

tortuosity factor.146 This  effective-medium theory framework was developed by Sax and Ottino 

and is valid when the transport path is much larger than the grain size and when the resistance to 

transport between grains is negligible.159 

𝐷𝑆𝐸𝑂 =
𝑓

𝜏
𝐷𝑃𝐸𝑂 (6.8) 

In the case of a lamellar morphology, 𝑓 =
2

3
 and 𝜏 = 1.  
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When we incorporate the effect of morphology according to effective-medium theory in Eq. 6.8, 

we see that 

𝑓

𝜏
∫

𝐷𝑃𝐸𝑂(𝑟) 𝑐(𝑟)

𝑟 𝑡−
0(𝑟)

𝑟(𝑥)

𝑟(𝑥=0)

𝑑𝑟 = −
𝑖𝐿

𝐹
(

𝑥

𝐿
) . (6.9) 

We approximate that transference number is a function of conducting phase and should not change 

with morphology. Thus, we may approximate the limiting current density of SEO according to 

effective-medium theory as follows:  

𝑖L,SEO =
𝑓

𝜏
𝑖L,PEO (6.10) 

The dashed green line in Fig. 6.4a represents Eq. 9 with 𝑓 =
2

3
, 𝜏 = 1, and 𝑖L,PEO taken from Ref.19 

In that reference, it was shown that experimentally measured 𝑖L,PEO was in excellent agreement 

with theoretical predictions based on independently measured transport properties. This work was 

limited to the salt concentration range 0 < 𝑟 < 0.085. The × symbols in Fig. 6.4a are based on 

the theoretical calculations in Ref.19; the value at 𝑟 =  0.12 was obtained by linear extrapolation 

of results obtained at 𝑟 =  0.065 and 𝑟 =  0.085. It is clear that the effective-medium theory 

estimate of SEO limiting current density overpredicts the true measured value.  

 Many transport properties of block copolymer electrolytes depend on the volume fraction 

of the conducting phase, 𝜑EO+LiTFSI. However, the limiting current density is predicted to be 

independent of this parameter (see Eq. 10). In Fig. 6.4b, we plot 𝑖L versus 𝜑EO+LiTFSI. The right 

vertical axis represents the limiting current density normalized to an electrolyte thickness of 20 

µm, 𝑖L,20 µm,  while the right vertical axis represents limiting current density multiplied by 

thickness, 𝑖L 𝐿. The dashed lines reflect the limiting current density predictions from Eq. 6.10. The 

effective-medium theory prediction is a function of the salt concentration in the conducting phase, 

and not conducting volume fraction. Experimentally, we see a significant dependence on 

conducting volume, and the measured limiting currents begin to approach the predictions as 

conducting volume fraction increases. 
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Figure 6.5. Relationship between length-averaged steady-state potential across the electrolyte, Φf 𝐿
−1, and 

current density, 𝑖, for one electrolyte of each type at 90 °C. The plotted point at the highest potential represents the 

lowest unsustainable current density. Other points represent current densities at which a steady-state voltage was 

reached. (a) shows four electrolytes at a salt concentration of 𝑟 =  0.04, while (b) shows electrolytes with salt 

concentration 𝑟 =  0.085 and (c) shows electrolytes with salt concentration 𝑟 =  0.12. The legend differentiates 

polymers based on the volume fraction of PEO in the block copolymer without salt, 𝜑EO, referenced in Table 1. A 

line with a slope of one on the log-log plot is shown as the dashed double line for reference; the data are generally 

parallel to this line, indicating a linear relationship between Φf 𝐿
−1 and 𝑖.  

Fig. 6.5 shows cell data obtained at current densities, 𝑖, below 𝑖Las well as one point 

representing the voltage response to a current density above 𝑖L. For each applied 𝑖, the measured 

steady-state potential response was processed to remove the potential drop across the interfaces 

and normalized by interelectrode distance 𝐿. The normalized value Φf 𝐿
−1 is plotted. For each 

concentration, we show data obtained from one particular cell for each electrolyte. To a good 

approximation, Φf 𝐿
−1 is a linear function of 𝑖 below the limiting current.  
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Figure 6.6. Ionic conductivity measured by ac impedance spectroscopy using blocking aluminum electrodes, 𝜅, 

and non-blocking lithium electrodes, 𝜅nb at 90 °C. The legend differentiates polymers based on 𝜑EO as referenced 

in Table 1 or by salt concentration 𝑟. (a) 𝜅 as a function of salt concentration 𝑟, (b) 𝜅 as a function of conducting 

volume fraction 𝜑EO+LiTFSI, (c) 𝜅nb as a function of salt concentration 𝑟, (d) 𝜅nb as a function of conducting volume 

fraction 𝜑EO+LiTFSI. Dashed lines in (a) represent predictions based on equation 10 and the ionic conductivity of 

homopolymer PEO electrolytes.19  

 The current versus voltage characteristics of an electrolyte can, in principle, be predicted 

by concentrated solution theory if all of the transport parameters and the thermodynamic factor are 

measured.  We thus measured these properties in our block copolymer electrolytes. Ionic 

conductivity was measured by ac impedance spectroscopy using blocking aluminum electrodes, 

𝜅, and non-blocking lithium electrodes, 𝜅nb. Fig. 6.6a plots 𝜅 as a function of salt concentration 𝑟 

for all twelve electrolytes. Effective-medium theory predicts that 𝜅𝑆𝐸𝑂 is given by146 

𝜅𝑆𝐸𝑂 =
𝑓

𝜏
𝜑𝐸𝑂+𝐿𝑖𝑇𝐹𝑆𝐼𝜅𝑃𝐸𝑂 (6.11) 

where 𝜅𝑆𝐸𝑂 is the ionic conductivity of the SEO electrolyte and 𝜅𝑃𝐸𝑂 represents the ionic 

conductivity of a PEO electrolyte of the same salt concentration. In the case of a lamellar 

morphology, 𝑓 =
2

3
 and 𝜏 = 1. 𝜑EO+LiTFSI represents the volume fraction of the conducting phase. 
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Dashed lines in Fig. 6.6a represent predictions based on Eq. 6.11, where the ionic conductivity of 

homopolymer PEO electrolyte is taken from the polynomial in Fig. 3a of Gribble et al.19 The figure 

is reproduced in the Supporting Information of this manuscript for reference. Agreement between 

𝜅 and these predictions improves as 𝜑EO+LiTFSI increases. Fig. 6.6b plots 𝜅 as a function of 

conducting volume fraction 𝜑EO+LiTFSI. Fig. 6.6c plots 𝜅nb as a function of salt concentration 𝑟, 

and Fig. 6.6d plots 𝜅nb as a function of conducting volume fraction; these data are obtained by ac 

impedance spectroscopy using non-blocking lithium electrodes. For these electrolytes, 𝜅nb is 

generally higher than 𝜅, with 
𝜅nb

𝜅
 equal to 1.2 on average and ranging between 0.74 and 2.5. While 

we are not certain for this difference, discrepancies between 𝜅nb and 𝜅 are common.15 As seen in 

Figs. 6.6b and 6.6d, ionic conductivity increases with conducting phase volume fraction, as 

expected.  

 

Figure 6.7. Salt diffusion coefficients in an SEO electrolytes (a) as a function of salt concentration, 𝑟, and (b) as a 

function of conducting volume fraction, 𝜑EO+LiTFSI, at 90 °C. The legend differentiates polymers based on the volume 

fraction of PEO in the block copolymer without salt, 𝜑EO, referenced in Table 6.1 or by salt concentration. The dashed 

line in (a) represents predictions based on Eq. 6.8 and the restricted diffusion coefficient of homopolymer PEO 

electrolytes.19 

The mutual diffusion coefficient of salt in our electrolytes, 𝐷, were measured by the 

restricted diffusion technique.14,163,164 Fig. 6.7a plots 𝐷 as a function of salt concentration 𝑟. The 

dashed lines in Fig. 6.7a connect predictions based on effective-medium theory, i.e. Eq. 8 and the 

salt diffusion coefficient of homopolymer PEO electrolytes;146 𝐷 is predicted to be independent of 

𝜑EO+LiTFSI. The diffusion coefficient of LiTFSI in homopolymer PEO electrolyte is taken from 

the polynomial in Fig. 3b of Gribble et al.19 The figure is reproduced in the Supporting Information 

of this manuscript for reference. The measured diffusion coefficients from the three block 

copolymers with the highest values of 𝜑EO are more or less consistent with these predictions. Fig. 

6.7b plots 𝐷 as a function of conducting volume fraction 𝜑EO+LiTFSI and shows that 𝐷 increases 

with 𝜑EO+LiTFSI. Fig. 6.7b reveals a trend which is inconsistent with effective-medium theory. 

Such inconsistencies may arise due to effects not included in effective-medium theory, such as 

resistance to ion transport at grain boundaries.  
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Figure 6.8. Steady-state current fraction of SEO electrolytes (a) as a function of salt concentration 𝑟, and (b) as a 

function of conducting volume fraction 𝜑EO+LiTFSI at 90 °C. The legend differentiates polymers based on the volume 

fraction of PEO in the block copolymer without salt, 𝜑EO, referenced in Table 6.1 or by salt concentration. The dashed 

line in (a) represents predictions based on Eq. 12 and the current fraction of homopolymer PEO electrolytes.19 

The current fraction 𝜌+ was measured for each electrolyte by the steady-state polarization 

technique pioneered by Evans, Bruce, and Vincent.15,16,79 In the literature, 𝜌+ has been referred to 

as the transference number. The transference number and 𝜌+ are only equal to each other in dilute 

electrolytes that are thermodynamically ideal. None of the electrolytes of interest here satisfy these 

conditions.  

Fig. 6.8a plots 𝜌+ as a function of salt concentration 𝑟. The dashed line in Fig. 8a represents 

the predictions of effective-medium theory for current fraction:  

𝜌+,SEO = 𝜌+,PEO (6.12) 

and 𝜌+,PEO as a function of 𝑟 is taken from Ref.19 The current fraction in homopolymer PEO 

electrolytes is taken from the polynomial in Fig. 3c of Gribble et al.19 The figure is reproduced in 

the Supporting Information of this manuscript for reference. If effective-medium theory were a 

valid approximation here, 𝜌+ data from the four different block copolymers and the homopolymer 

should collapse on to a single curve. This is clearly not the case. It appears to signal that equating 

the transference number in homogenous and composite electrolytes is the primary reason for the 

failure of effective-medium theory to predict limiting current density. The current fraction was 

observed to be consistent between PEO and low molecular weight SEO electrolytes, but 

inconsistent between PEO and a high molecular weight SEO electrolytes.165 We do note 𝜌+,SEO 

does decrease with increasing 𝑟 as is the case for 𝜌+,PEO. Fig. 6.8b plots 𝜌+ as a function of 

conducting volume fraction 𝜑EO+LiTFSI. Comparing Fig. 6.8a and 6.8b, we conclude that 𝜌+ is 

primarily determined by 𝑟, not 𝜑EO+LiTFSI.  

 



 

 

 

89 

 

 

 

Figure 6.9.  Effective conductivity of the electrolyte at steady-state, defined as 𝜅nb𝜌+, of SEO electrolytes at 90 

°C (a) as a function of salt concentration 𝑟, and (b) as a function of conducting volume fraction 𝜑EO+LiTFSI. The legend 

differentiates polymers based on the volume fraction of PEO in the block copolymer without salt, 𝜑EO, referenced in 

Table 1 or by salt concentration. 

In the limit of small applied dc potentials in a symmetric cell at steady-state, the current 

density, 𝑖, obtained from an electrolyte is proportional to the length-normalized potential drop 

across the electrolyte, Φf 𝐿
−1. The proportionality constant is the product 𝜅nb𝜌+.15 One may thus 

think of this product as an effective conductivity. Fig. 6.9a plots 𝜅nb𝜌+, as a function of salt 

concentration 𝑟, and Fig. 6.9b plots 𝜅nb𝜌+, as a function of conducting volume fraction 𝜑EO+LiTFSI. 

𝜅nb𝜌+, appears roughly constant with respect to salt concentration and increases as a function of 

volume fraction of the conducting phase. Fig. 6.9 indicates that the efficacy of block copolymer 

electrolytes in the limit of small applied potentials is mainly governed by 𝜑EO+LiTFSI.  
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Figure 6.10. Interfacial impedance of SEO electrolytes, 𝑅int, at 90 °C (a) as a function of salt concentration 𝑟, and 

(b) as a function of conducting volume fraction 𝜑EO+LiTFSI. The legend differentiates polymers based on the volume 

fraction of PEO in the block copolymer without salt, 𝜑EO, referenced in Table 1 or by salt concentration. The dashed 

line in (a) represents interfacial impedance of homopolymer PEO electrolytes.  

The steady current obtained in symmetric cells is governed not only by the properties of 

the electrolyte but also the properties of the interfaces. For completeness, interfacial impedance, 

measured by ac impedance spectroscopy as described in the Methods section, is shown in Fig. 

6.10. Fig. 10a plots the area-specific interfacial impedance, 𝑅int , of all our electrolytes as a 

function of salt concentration 𝑟. 𝑅int appears roughly constant with respect to salt concentration. 

The dashed line represents 𝑅int for homopolymer PEO electrolytes. Fig. 6.10b plots 𝑅int as a 

function of conducting volume fraction 𝜑EO+LiTFSI. 𝑅int increases as 𝜑EO+LiTFSI decreases: this is 

likely a reflection of the increased interfacial area between Li and PS. In addition, we note that the 

molecular weights of the PEO chains in the series of SEO polymers ranges from 100 to 222 kg 

mol-1. The PEO homopolymer used for comparison is 35 kg mol-1. There is evidence that the chain 

length of PEO influences 𝑅int in PEO homopolymer electrolytes, perhaps because of end-group 

concentration.166 Nevertheless, we plot the values together as a general comparison.  
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Figure 6.11. SEM micrographs of the surfaces of SEO electrolyte membranes. All scale bars represent 1 µm. (a-

c) represent electrolytes from the polymer SEO(110-183) with 𝜑𝐸𝑂 = 0.62, (d,e) represent electrolytes from the 

polymer SEO(115-172) with 𝜑𝐸𝑂 = 0.59, (f-h) represent electrolytes from the polymer SEO(200-222) with 𝜑𝐸𝑂 =
0.52, and (i-k) represent electrolytes from the polymer SEO(235-222) with 𝜑𝐸𝑂 = 0.48. The leftmost column of 

images represents electrolytes with 𝑟 = 0.04, the center column represents electrolytes with 𝑟 = 0.085, and the 

rightmost column of images represents electrolytes with 𝑟 = 0.12. 

 Scanning electron microscopy was used to provide information about the morphology of 

the electrolytes. Fig. 11 presents a summary of micrographs taken of the surface of each electrolyte 

membrane. The lamellar thicknesses in SEO(110-183) and SEO (115-172) are smaller than those 

of SEO(200-222) and SEO (235-222). This is expected because the molar mass of the first two 
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polymers is about 300 kg mol-1, while that of the latter two polymers exceeds 400 kg mol-1. The 

grain structure in these electrolytes is complex. Generally, speaking, larger grains are seen in 

SEO(200-222) and SEO(235-222). We note that the greatest deviations from effective-medium 

theory are also seen in these two polymers. For example, the ionic conductivity of these polymers 

lie well below effective-medium theory prediction, while those of SEO(110-183) and SEO(115-

172) with  𝜑𝐸𝑂 = 0.59 and 𝜑𝐸𝑂 = 0.62 are roughly consistent with predictions (see Fig. 5a).  

We use concentrated solution theory18 along with the methodology developed by Pesko et al.161 

to predict limiting current densities of our 12 electrolytes.19 As defined before, the limiting current 

is obtained when the salt concentration at the cathode approaches zero. It is possible to calculate 

steady-state salt concentration profiles, 𝑟(𝑥), across the cell by employing measured transport 

properties of the electrolyte. The salt concentration profile in a symmetric cell is governed by the 

following expression:  

∫
𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜑𝐸𝑂+𝐿𝑖𝑇𝐹𝑆𝐼

(
𝑑𝑈

𝑑𝑙𝑛𝑚
)

𝑟(𝑥)

𝑟(𝑥=0)

𝑑𝑟 = −
𝑖𝐿

𝐹
(

𝑥

𝐿
) (6.13) 

   

where 𝜅 is the ionic conductivity, 𝜌+ is the current fraction, 𝑧+ = 1 is the charge number for 

LiTFSI, 𝑣+ = 1 is the number of cations for LiTFSI, F is the Faraday constant, 𝜑𝐸𝑂+𝐿𝑖𝑇𝐹𝑆𝐼 is the 

volume fraction of the conducting phase, m is the molality of salt in the conducting phase, and 
𝑑𝑈

𝑑𝑙𝑛𝑚
 is the change in the open circuit potential with respect to m. Integrating Eq. 6.11 requires 

knowledge of the composition-dependent properties on the left side: 𝜅, 𝜌+, and 
𝑑𝑈

𝑑𝑙𝑛𝑚
. We ignore, 

for simplicity, the dependence of 𝜑𝐸𝑂+𝐿𝑖𝑇𝐹𝑆𝐼 on 𝑟. The parameters 𝜌+ and 
𝑑𝑈

𝑑𝑙𝑛𝑚
are weak functions 

of block copolymer composition and chain length.165 We used the fitted expression of 𝜌+ measured 

for 𝜑𝐸𝑂= 0.48 in Frenck et al.(add ref when published) for all SEO electrolytes. These parameters 

are shown in Eq. 6.14 and also given in Table 6.2. We use values reported for SEO electrolytes in 

Villaluenga et al.39 for 
𝑑𝑈

𝑑𝑙𝑛𝑚
: 

𝜌+ =  5.49𝑟2 –  1.29𝑟 + 0.11 (6.14) 

d𝑈

dln𝑚
=  5.31(𝑙𝑛𝑚)2 –  89.62(𝑙𝑛𝑚) − 82.69 (6.15) 

The dependence of 𝜅 of high molecular weight SEO block copolymer electrolytes on salt 

concentration has been established in the literature. The data for SEO(235-222) with 𝜑𝐸𝑂 = 0.48 

is reported in Ref. 167 while that for a copolymer with 𝜑𝐸𝑂 = 0.51 is reported in Villaluenga et 

al.39 The conductivity of the copolymers studied here was only measured at three salt 

concentrations. We thus used a hybrid approximation combining experimental data from multiple 

polymers to estimate 𝜅 for the remaining 3 polymers in this study. We approximated that the 

polynomial dependence of 𝜅 on 𝑟 was the same for similar polymers. For SEO(200-222), a 

constant was added to the polynomial fit through the conductivity data reported for SEO(235-222) 

in Ref.167. For SEO(110-183) and SEO(115-172), a constant for each polymer was added to the 

polynomial fit through the conductivity data reported in Ref.39 The constants were determined by 

fitting 𝜅(𝑟) for 𝜑𝐸𝑂 = 0.48 or 𝜑𝐸𝑂 = 0.51 to the experimental data at 𝑟 = 0.04– 0.12 and 
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choosing the best match. All fitting parameters for κ are reported in Table 6.2. All of these results 

can be combined to obtain the functional form of the integrand in Eq. 6.11:  

 
𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
) = 𝑎𝑟6 + 𝑏𝑟5 + 𝑐𝑟4 + 𝑑𝑟3 + 𝑒𝑟2 + 𝑓𝑟 + 𝑔 (6.16)

 

Table 6.2. Fitting parameters used for κ,  
𝜅

(1−
1

𝜌+
)(𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
)and 𝜌+ for each SEO electrolyte. All 

polynomials are given in function of r. Units for ionic conductivity are S.cm-1, and units for 
𝜅

(1−
1

𝜌+
)(𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
)  𝑎𝑟𝑒 mol.cm-1s-1 . 

 

𝜑EO 𝑷(𝒓) a b c d e f g 

0.62 

κ    
7.92 

10-2 

-4.79 10-

2 

8.6 10-

3 
1.2 10-4 

𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
) -5.60 

10-4 

4.94 

10-4 

-1.74 

10-5 

3.12 

10-5 

-2.91 10-

6 

1.25 

10-7 
-1.02 10-9 

-

0.59 

κ    
7.92 

10-2 

-4.79 10-

2 

8.6 10-

3 
2.5 10-4 

𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
) -7.04 

10-4 

6.16 

10-4 

-2.15 

10-4 

3.79 

10-5 

-3.46 10-

6 

1.43 

10-7 

-9.43 10-10 

0.52 

κ   
-8.28 

10-1 

6.88 

10-1 
1.96 10-1 

2.11 

10-2 
-3.61 10-4 

𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
) -5.83 

10-4 

5.33 

10-4 

-1.96 

10-4 

3.68 

10-5 

-3.67 10-

6 

1.78 

10-7 

-2.57 10-9 

0.48 
κ   

-8.28 

10-1 

6.88 

10-1 
1.96 10-1 

2.11 

10-2 
4.41 10-4 

𝜅

(1 −
1

𝜌+
) (𝑧+𝑣+)𝑟𝐹𝜙𝑐

(
𝑑𝑈

𝑑𝑙𝑛𝑚
) -3.99 

10-4 

3.80 

10-4 

-1.46 

10-4 

2.88 

10-5 

-3.03 10-

6 

1.55 

10-7 

-2.59 10-9 

 𝜌+     5.49 -1.29 
0.11 
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Figure 6.12. Comparison of SEO limiting current to concentrated solution theory approximation based on ion 

transport properties of each electrolyte. (a) plots these parameters for electrolytes based on the polymer SEO(110-

183) with 𝜑𝐸𝑂 = 0.62, (b) plots these parameters for electrolytes based on the polymer SEO(115-172) with 𝜑𝐸𝑂 =
0.59, (c) plots these parameters for electrolytes based on the polymer SEO(200-222) with 𝜑𝐸𝑂 = 0.52, and (d) plots 

these parameters for electrolytes based on the polymer SEO(235-222) with 𝜑𝐸𝑂 = 0.48. 

For an applied current density 𝑖, Eq. 6.13 was used to calculate the value of 𝑟 at 𝑥 = 𝐿. The 

current density at which the calculated value of 𝑟 at 𝑥 = 𝐿 was zero was taken to be the limiting 

current density. In Fig. 6.12, we compare the experimentally measured limiting current densities 

with theoretical predictions. In many cases, we find quantitative agreement between theory and 

experiment. Significant departures are seen between theory and experiment in dilute electrolytes 

with 𝜑𝐸𝑂 = 0.48 and 𝜑𝐸𝑂 = 0.62. By and large, we conclude that concentrated solution theory, 

which was originally developed for characterizing ion transport in homogeneous electrolytes, 

applies remarkably well to nanostructured block copolymer electrolytes.  

6.4 Conclusion 
Limiting current density is an important parameter to measure for battery electrolytes as it 

describes the highest rate of ion transport through the electrolyte. Herein, the limiting current 

density was measured for a series of twelve microphase separated PS-b-PEO block copolymer 
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electrolytes. For such a nanostructured electrolyte, the highest limiting current density measured 

was 11.6 mA cm-2 normalized to a 20 µm thick membrane. This polymer contained a volume 

fraction of 0.59 PEO as synthesized. The ionic conductivity, the diffusion coefficient of lithium 

salt, and the current fraction were also measured. These parameters were reported as functions of 

salt concentration and conducting phase volume fraction. The limiting current densities of these 

nanostructured electrolytes were compared to those of homopolymer PEO electrolytes using the 

effective medium theory put forth by Sax and Ottino. Effective-medium theory did not account 

completely for the composite nature of the electrolyte on limiting current density. Limiting current 

measurements were also compared to results from a model based on concentration solution theory. 

The estimate based on concentrated solution theory, which was originally developed for 

characterizing ion transport in homogenous electrolytes, was shown to apply remarkably well to 

these nanostructured electrolytes. This study reports a method to predict limiting current density 

in nanostructured electrolytes using simply measured transport parameters.  

 

6.5 Nomenclature 

Symbol  

𝒊 Current density [mA cm-2] 

𝒊𝐋 Limiting current density [mA cm-2] 

𝑽 Voltage [V] 

𝝓 Overpotential across electrolyte normalized by electrolyte thickness [V cm-1] 

𝒓 Salt concentration in the PEO-rich phase, defined as the molar ratio, 
[𝐋𝐢𝐓𝐅𝐒𝐈]

[𝐄𝐎]
 

𝒕+ Dilute solution theory transference number of the cation 

𝒕−
𝟎  Concentrated solution theory transference number of the anion with respect to the 

solvent velocity; 𝒕−
𝟎 = 𝟏 − 𝒕+

𝟎   

𝑫 Salt diffusion coefficient [cm2 s-1] 

𝒄 Concentration of lithium salt in the conducting phase [mol cm-3] 

𝝆 Density of the electrolyte [g cm-3] 

𝜿 Ionic conductivity measured in a cell with blocking electrodes [S cm-1] 

𝜿𝐧𝐛 Ionic conductivity measured in a cell with non-blocking electrodes [S cm-1] 

𝝆+ Current fraction 
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𝒛+ Charge number of the cation 

𝝊+ Number of cations in the dissociated salt 

𝝋𝒄 Volume fraction of the conducting phase 

𝝋𝑬𝑶 Volume fraction of the PEO-rich phase 

𝝋𝑬𝑶+𝑳𝒊𝑻𝑭𝑺𝑰 Conducting volume fraction; volume fraction of the PEO-LiTFSI phase 

𝒅𝑼

𝒅𝒍𝒏𝒎
 

Change in open-circuit potential with respect to the logarithm of the molal 

concentration of salt in the electrolyte [V] 

𝑭 The Faraday constant [C mol-1] 

𝑳 Electrolyte thickness [cm] 

𝒙 Position in the electrolyte [cm] 

𝒇 Form factor in effective-medium theory 

𝝉 Tortuosity factor in effective-medium theory 
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6.7 Supporting Information 

 

Figure 6.S1. Ionic conductivity plot reproduced from Gribble et al. Fig. 3a containing the polynomial used to 

estimate PEO conductivity for Fig. 5a in this manuscript.  

 

Figure 6.S2. Diffusion coefficient plot reproduced from Gribble et al. Fig. 3b containing the polynomial used to 

estimate PEO diffusion coefficient for Fig. 6a in this manuscript.  
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Figure 6.S3. Current fraction plot reproduced from Gribble et al. Fig. 3c containing the polynomial used to 

estimate PEO conductivity for Fig. 5a in this manuscript. Gribble et al. referred to the current fraction  𝜌+ as 𝑡+.ideal. 

 

 

Figure 6.S4. Ionic conductivity fits for SEO polymer electrolytes at 90 °C as function of salt concentration. 
Filled markers show the data measured experimentally. Hollow markers show approximated values.  

Fig. S4 describes in greater detail the hybrid characterization-approximation method used to 

estimate ionic conductivity as a function of a salt concentration from  𝑟 = 0.03 to 𝑟 = 0.25 

for three of the polymers described in this study. The asterisks mark two polymers whose 

conductivity has been extensively described as a function of salt concentration, 𝜑𝐸𝑂 = 0.48 
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and 𝜑𝐸𝑂 = 0.51. The polymer with 𝜑𝐸𝑂 = 0.48 was included in this study, but the polymer 

with 𝜑𝐸𝑂 = 0.51 was not. The three polymers whose conductivity were not extensively 

mapped were matched to either 𝜑𝐸𝑂 = 0.48 and 𝜑𝐸𝑂 = 0.51 based on qualitative trend 

(monotonically increasing through 𝑟 = 0.12 or decreasing from 𝑟 = 0.085 to 𝑟 = 0.12): 

𝜑𝐸𝑂 = 0.52 was matched to 𝜑𝐸𝑂 = 0.48, while 𝜑𝐸𝑂 = 0.59 and 𝜑𝐸𝑂 = 0.62  were matched 

to 𝜑𝐸𝑂 = 0.51. We estimated that the dependence of ionic conductivity on salt concentration 

would have the same trends for the matched polymers. Constant values were added to the 

existing polynomial fit of either 𝜑𝐸𝑂 = 0.48 and 𝜑𝐸𝑂 = 0.51 to match the experimentally 

measured values of the other three polymers. Hollow markers show the approximated values 

of ionic conductivity.  

 

 

 

Figure 6.S5. Dependence of 
κ

(1−
1

ρ+
)(z+v+)rFϕc

(
dU

dlnm
) on salt concentration for the 4 SEO electrolytes at 90 ⁰C. The 

dashed curve shows the least-squares polynomial fit. 

 

Figure S5 shows the integrand of Eq. 11 over the full salt concentration range for each of the four 

SEO polymers in this study.  
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Figure 6.S6. RSoXS scattering comparison for three electrolyte thin films at 𝑟 = 0.085 showing evidence of 

lamellar morphology. (a) SEO(110-183) with 𝜑𝐸𝑂 = 0.62 (b) SEO(200-222) with 𝜑𝐸𝑂 = 0.52, and (c) SEO(235-222) 

with 𝜑𝐸𝑂 = 0.48.  

Resonant Soft X-ray Scattering (RSoXS) results on thin films of three of the electrolytes showed 

evidence of lamellar morphology.  

Resonant Soft X-ray Scattering (RSoXS). RSoXS experiments were conducted on solvent-

casted thin films of SEO/LiTFSI on 100 nm thick silicon nitride windows. Solutions of 5 mg/mL 

of SEO/LiTFSI were dissolved in n-methyl-2-pyrrolidone (NMP). The windows were heated to 

120 °C and 4 𝜇𝐿 of solution was dropped on to the heated window. The solvent was evaporated in 

the glovebox for 15 minutes over heat before a second layer of solution was added to the window. 

Once the window appeared “dry”, it was transferred to a glovebox antechamber at 130 °C for 48 

h under active vacuum. The antechamber was allowed to cool slowly to room temperature over 

the course of 12 hr under active vacuum resulting in thin films of SEO/LiTFSI of approximately 

1-2 𝜇𝑚 in thickness. The films appeared uniform in thickness with minimal surface roughness to 

the eye. 
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The RSoXS experiments were performed at beamline 11.0.1.2 at the Advanced Light Source.168 

Samples were measured using energies of 275-290 eV for C, 520-550 eV for O and 685-705 eV 

for F at a sample-to-detector distance of ~100 mm. Standards of ordered polystyrene-block-

poly(methyl methacrylate) thin films were used to calibrate the beam center and sample-to-

detector distance across the different X-ray energy ranges. All measurements were conducted at 

room temperature. Data were analyzed using a modified version of Nika program169 developed for 

X-ray scattering experiments. Data were normalized by incident beam intensity, blank window 

transmission and by subtracting out a dark image according to ref 170. The original two-dimensional 

scattering images were azimuthally averaged to generate one-dimensional scattering intensity 

profiles, 𝐼(𝑞). The scattering wave vector is defined by 𝑞 =
4𝜋

𝜆
sin (

𝜃

2
), where 𝜃 is the scattering 

angle and 𝜆 is the wavelength of the incident beam.  
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7. Conclusion and Summary   

 The purpose of this work is to expand knowledge relevant for the design and engineering 

of next-generation electrolytes for lithium metal batteries. Rigid polymeric electrolytes have 

shown evidence of multiple properties that make them attractive candidates for further 

improvement: they can be electrochemically stable with lithium metal, rigid enough to partially 

suppress lithium protrusion growth, ionically conductive enough to sustain high currents with low 

resistance, and flexible enough to accommodate volume changes in a battery. In order to improve 

these properties, it is important to understand the interacting electrochemical and mechanical 

processes that occur during cell cycling.  

 This dissertation focuses on the application of high molecular weight nanostructured block 

copolymer electrolytes which self-assemble into a lamellar morphology. Lithium electrodeposition 

was visualized using X-ray microtomography and ion transport was probed using electrochemical 

techniques. In Chapter 1, we introduced the motivation for study of this topic and relevant 

background information. In Chapter 2, we explored the relationship between applied current 

density and lithium deposition morphology, showing how current density affects the rate of lithium 

protrusion growth and nucleation. In Chapter 3, we investigated the relationship between lithium 

protrusion nucleation and growth and impurity particles in the lithium electrode, showing how 

nucleation site identity and concentration affects cell cycling lifetime and protrusion morphology. 

In Chapter 4, we use time-stop tomography images to show a lithium protrusion being 

preferentially stripped compared to the surrounding planar electrode. We analyze the tomographic 

information to quantify and compare current densities at the protrusion and away from it. In 

Chapter 5, we quantitatively examine tomography images of a lithium protrusion growing and 

shrinking as a function of time. We plot and correlate current density and interelectrode distance 

as a function of position on both the plated and stripped electrode. In Chapter 6, we report ion 

transport properties of a series of SEO block copolymer electrolytes, including those used in 

studies reported in Chapters 2-5. We report limiting current density and compare these results to 

predictions based on effective-medium theory and predictions based on concentrated solution 

theory.  
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9. Appendices 

9.1 Appendix I: Extraction of Current Density Measurements from X-ray Tomography 

Data 
This appendix contains a step-by-step guide through the time-consuming portion of quantitative 

tomography data analysis. In section 1, we begin with tomography data from different time 

points that are not aligned in space. By the final section, we have aligned, binarized volumes 

ready for digital subtraction to acquire current density.  

Disclaimer: This is the best and fastest way I know how to do it, after iterating on and improving 

the method I started with. There is certainly room for further improvements.  

9.1.1 Overall workflow for calculating local current density 

1. Inspect data from different time points and identify a volume of interest.  

2. Crop overall data to a large volume including the smaller volume of interest for all times 

and convert to 8-bit grayscale.  

3. Align volumes in space with respect to each other using independent reference points. 

Resample, filter, and crop volumes to prepare for segmentation.  

4. Use FIJI for preliminary segmentation of all ROIs.  

5. Import FIJI label field to Avizo for polishing and denoising the segmentation.  

6. Use MATLAB to analyze segmented data.  

9.1.2 Inspect data from different time points and identify a volume of interest 

Fiji (ImageJ) or Avizo will work to inspect data. ImageJ is slightly faster and less prone to 

crashing, so I prefer Fiji. At the end of this section, you will know which regions in your time-

stop tomography data you would like to compare over time.  

For Fiji 

1. Make sure Fiji is installed 

2. Go to File -> Import -> Image Sequence. Click on one image in the folder full of .tif 

slices you probably have after reconstruction. Choose the number of images and the 

starting image. This can be useful if you haven’t deleted your first and last slices that may 

just be noise. Fiji will then load the image stack of the xy slices. Of the check boxes, only 

“Sort names numerically”. You may want to “Use virtual stack” if your computer is 

having trouble with the large files.  

3. To Reslice, use the forward slash “/” shortcut or go to Image ->Stacks->Reslice.  

4. To change brightness and contrast, use the “Ctrl-shift-c” shortcut or go to Image -> 

Adjust -> Brightness/Contrast.  

5. Identify the x, y, and z position of the region of interest as you scroll through slices using 

the x, y, and z values shown at the bottom of the Fiji main bar when you mouse over a 

specific pixel. Write it down.  
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For Avizo 

1. Load dataset using “Open Data”. Select all relevant slices. Accept default settings, 

although you may wish to shorten the filename.  

2. Click on the green dataset bubble to open and select one or more Ortho Slices. 

3. Increase or decrease the slice number to scroll through the Ortho slice. Change brightness 

and contrast by changing the bounds on the Colormap. The orientation selector changes 

between xy, xz, and yz views.  

4. Determine the location of an item of interest by looking at the slice numbers of 

intersecting ortho slices in that location.  

9.1.3 Preliminary crop of all regions of interest for all times of interest.  

At the end of this section, you will have cropped volumes containing your region(s) of interest 

from every time-point in the dataset. (The cropped volumes will be bigger than the final size.) 

Fiji works well for this part because it can record the volume you cropped using a Macro.  

1. Have your 𝑡 = 𝑡0 dataset open with the region of interest identified.  

2. Decide a brightness/contrast range for the entire dataset. Open the brightness/contrast 

window and set the min and max grayscale values so all features are differentiated. This 

min and max values will determine the range of pixel intensities which will be divided 

into 256 pieces in 8-bit. We want the range of values as small as possible while 

encompassing enough range to capture the detail of the volume. One starting point could 

be a minimum of -20 and a maximum of 25 from 32-bit. The leeway included in this 

range is to make sure the intensity histograms of other volumes in the dataset don’t get 

cut off. Open and play around with multiple volumes in the dataset to make sure you 

picked the correct range. Once you’ve chosen it, write it down.    

3. Start a Macro by going to Plugins->Macros->Record 

4. Have the top and bottom of the dataset already trimmed (xy slices of noise at top and 

bottom either deleted or not loaded). However, make sure to keep everything that is not 

noise (e. g. lithium). Having large margins of imaged material above and below the item 

of interest will provide more landmarks for digital alignment.  

5. Go to brightness and contrast and set the minimum and maximum pixel values as decided 

in Step 2.  

6. Change the image quality to 8-bit by going to Image-> Type -> 8-bit. We are reducing 

the quality of the data slightly for faster processing later. If the min and max range is 

chosen correctly, the information should not be significantly comprised. If the 

information is significantly compromised, try a different min max range or save as 16-bit 

instead. At this point in time (2020), Avizo prefers to deal with datasets < 1 GB when 

multiple datasets are open. Maybe someday this step will not be necessary.  
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7. In the xy view, draw a box around a larger volume that wholly captures your region of 

interest and gives some leeway around each side. You want the box to be able to capture 

the region of interest in the same sample at different time points as well, accounting for 

small differences in orientation and center of rotation. In the Macro window, you should 

see it capture the window you selected and the dimensions of the rectangle you drew.  

8. Duplicate the selected volume using the shortcut “Ctrl-shift-d” or Image -> Duplicate.  

9. Save the duplicated volume with a useful filename, perhaps something like  

“t_0_roiA.tif” 

10. Close the window of the duplicated volume if you want the Macro to close it. If not, 

leave it open.  

11. If you have multiple regions of interest in this scan, repeat steps 7-9 until you have saved 

a volume for each of them.  

12. When you are done saving volumes for each region of interest, name the macro in the 

“Recorder” window, perhaps something like “t_0_macro” and click “Create” in the 

“Recorder” window to show the completed macro. 

13. Check the macro in the “Recorder” window to make sure there are no extraneous steps 

(like scrolling). Delete extraneous steps. An example macro is in the Google Drive folder.  

14. Save the macro.  

15. To capture and compress volumes of interest from other time-points in the dataset, edit 

the filenames in the Macro (for example “t_10_roiA.tif” instead of “t_0_roiA.tif”). Do 

not edit the min/max values, because we want to be consistent for every volume in the 

dataset.  

16. Check the saved cropped volumes for every region of interest. If the min/max colormap 

settings are off or a rectangle captured an insufficient/wrong area, edit the macro 

accordingly and run every dataset through the macro again.  

9.1.4 Aligning volumes in space with respect to each other using independent reference 

points.  

At the end of this section, you will have identically sized and oriented cropped volumes 

containing the item of interest.  

Here, we go back to Avizo in order to align the volumes in space.  

1. Pick a reference time-point that all other time-points will be referenced to. It will help if 

the quality of this tomogram is particularly high so landmarks will be easy to see. It also 

helps for registration if this tomogram is from a middle time-point.  

2. Open the ROI from the reference time-point in Avizo.  

3. Make sure the ROI is oriented in space with respect to global axes in a desirable way (e. 

g. when you take an ortho slice, the electrolyte is horizontal). This may also be a good 

criterion to use when choosing a reference time-point. If this step is not done, all your 

datasets will be aligned with a crooked sample. If your chosen reference time-point is not 
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oriented in a desirable way, fix it using the Transform Editor. After you have oriented the 

volume, use “Resample Transformed Image” to save the new coordinate system. Choose 

extended mode.  

4. Now, open up the time-point you would like to align with respect to the reference time-

point. For the first alignment, choose a time adjacent to the reference time.  

5. Ortho slices in the same plane should be showing for both samples. 

6. Right click on orthoslice -> color wash. Use left click on the white bubble of Color wash 

to connect the Color wash bubble with the reference dataset (green bubble). The Color 

wash will help highlight intensity differences between the two datasets. Change the 

colormap of the color wash to highlight the feature you want to compare. Weight factor 

has to do with which dataset is brighter in the colorwash.  

 

Figure 9.1.1. Example of workflow for two datasets colorwashed with respect to each other.      

 

7. Using the transform editor, manipulate the not-reference dataset so that the two datasets 

align. I like to use a combination of the tools and the dialog box.  

8. Before using “Register images”, write down the coordinates in the Transform Editor 

dialogue box so that you can reset if necessary.  

9. When the datasets are roughly aligned in space, create a “Register Images” bubble from 

the non-reference dataset. Identify the reference dataset as the reference. The default 

properties (rigid, 3D, normalized MI are good to start, although you may want to tweak 

options later). “Register Images” will attempt to align the two datasets as if there were no 

changes between them. Since we do have some changes, “Register Images” tends to align 

the electrode-electrolyte interfaces well and identify scaling differences. Some scaling 
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differences may occur between time-points if the sample-detector distance was different 

– this leads to an ever-so-slightly different magnification (maybe 1%).  

10. If “Register Images” did a good job aligning the electrode-electrolyte interfaces, 

transform the non-reference electrode up or down based on independent reference points 

(impurity particles tend to work well). This accounts for the lithium passed between 

electrodes.  

11. If “Register Images” did not do a good job, you can either try again or do the process 

entirely manually.  

12. After the images are aligned with respect to multiple independent reference points, use 

“Resample Transformed Image” on the non-reference image. Standard is fastest. 

Extended. The coordinate systems of the two volumes should now be identical.  

13. Repeat steps 4-11 for every time-point 

14. Make a copy of every transformed dataset.  

15. Crop every aligned volume around the reference volume. Helps to have a square field and 

an odd number of pixels, so there is a center pixel for later. Click the green bubble and 

select the crop editor icon. The new cropped volume should contain the item of interest 

but not be unnecessarily large. Larger volumes will take more time during segmentation. 

At this point, excess volume at the top and bottom of the item of interest may also be 

cropped. Use the crop tool in Avizo.  

1. Use Median Filter on every aligned volume. Image Processing -> Smoothing and 

Denoising -> Median Filter -> Create (select 3D bullet) (neighborhood 6 but can change) 

(1-3 iterations, usually: depends on image) 

16. Save every cropped, filtered, aligned volume as a 3D .tif. (Select green bubble -> export 

data as) This is also a good time to save them as .am Avizo files as a backup.  

9.1.5 Use FIJI for preliminary segmentation of all ROIs.  

At the end of this section, we will have a rough segmentation in which every voxel is labeled 

with a material by Weka’s best guess.  

1. Open Fiji again, and open the cropped, filtered, aligned volume .tif you would like to 

segment first. Reslice the volume to see a vertical slice.  

2. Launch WEKA using Plugins -> Segmentation -> Trainable Weka segmentation 3D 

3. Identify a class each for lithium and electrolyte. Weka automatically provides a “class 1” 

and “class 2”. If my item of interest is a globule or multiglobular structure, I will create a 

class for that. You may create a class for impurity particles if these are important to you.  

4. Use the tools provided by Fiji to identify 2D regions in slices belonging to specific 

materials. I like the polygon maker. It is most efficient to train Weka on the slices which 

contain your item of interest. No need to label too many slices; when you’ve done 10, 

give “Train classifier” a go.  

5. Inspect the Weka-segmented volume and correct errors by relabeling misclassified 

material. “Train classifier” again when you are satisfied.  
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6. When Weka has generally successfully differentiated the materials, “Create result” and 

save the result as an 8-bit image.  

7. Repeat steps 1-6 for all time-points.  

9.1.6 Use Avizo to clean up segmentation of all ROIs.  

At the end of this section, we will have finely polished segmentations of each volume, ready for 

surface rendering visualizations and quantitative analysis.  

1. Open the cropped, filtered, aligned volume in Avizo. Also open the 8-bit segmentation 

result from Weka.  

2. Change the filetype of the 8-bit segmentation result from Weka to an Avizo labelfield. 

Convert image type -> output 8-bit label APPLY (should end up with some *_bits). 

3. Link the new labelfield to the image data by left-clicking on the white box on the 

labelfield bubble and dragging it to the image data.  

4. Now open the Segmentation Editor of the image data. You should see the Weka 

labelfield aligned over the image data. If the segmented data is for some reason not in the 

same place spatially as the image data, this is fixable. You should see when clicking on 

the green data bubbles “Physical size”. The image data may say “X, X, Y from i, j, k” 

while the segmented data may say “X, X, Y from 0, 0, 0”. Use the information i, j, and k 

to transform the datasets to overlap using the transformation editor. There may be a faster 

way to do this using the Parameter editor but I can’t remember.  

 
Figure 9.1.2. Raw Weka-segmented volume and on image data in Avizo in the Project Tab. The labelfield is 

snapped to the image data such that the two bubbles representing them are attached.  
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Figure 9.1.3. Raw Weka-segmented volume overlaid on image data in Avizo in the Segmentation Tab. 
Electrolyte is highlighted in orange in the 2D and 3D plots. The electrolyte is clearly highlighted, but Weka has also 

mislabeled some impurity particles and some black areas as electrolyte.  

 

5. For figure-making purposes, it is nice to create materials classes to differentiate “Upper 

Li” from “Lower Li” and “Main impurity” from “Other impurities” 

6. Use the Avizo segmentation editor tools to sort the Weka segmentation into more specific 

classes and clean up the segmentation where Weka has made errors.  

7. Repeat steps 1-6 for every volume.  

8. Now you can use your finished labelfield to render your images using Surface View.  

9. To prepare to export the labelfield for current density calculations, make a copy of the 

finished labelfield and sort everything into either “lithium” or “electrolyte”. Delete all 

other materials classes.  

10. Export the binarized labelfield as a 3D .tiff. This is the input we need for further analysis 

in MATLAB.  

 

9.1.7 Use MATLAB scripts to calculate current density and create figures.  

At the end of running through finalPlots.m, you will have made example plots showing 

calculated current density plots based on example segmented data. These MATLAB scripts were 

written by Katherine Harry, and later edited by Kyle McEntush, then me.  

Begin at finalPlots.m and run through section by section to see examples of what analysis occurs 

in each cell. See comments for details.  
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9.1.8 Assorted notes about Avizo analysis 

Making a quick volume rendering 

1. Better to start with a cropped area because this can take a large amount of processing 

power 

2. To make a rough volume rendering of the cropped area, click “Volume rendering” 

3. Adjust colormap and pixels to highlight or remove certain voxels 

 

Figure 9.1.4. Example project view and colormap for a simple volume rendering in Avizo.  

Fine segmentation tools 

1. Create/rename materials for “upper Li”, “lower Li”, “SEO”, “impurities”, “item-of-

interest”, etc. 

2. To initially clean up interfaces, pick a bright pixel with the magic wand and toggle 

boundaries on histogram until only the electrolyte is selected. Can also choose a dark 

pixel to clarify the lithium interface.  

3. Can use 3D lasso to fine tune selected volume.  

4. Use plus in circle to add selected volumes to labels (relabel interior to electrolyte, create 

upper and lower Li labels, leave exterior) 

5. Add all materials (“Same material only” won’t select pixels already labeled) 

6. Paintbrush can paint areas, and can tell this tool not to select a particular material 

7. Locking a material temporarily prevents it from being edited 

8. If you have single voxels in the wrong place because of noise, can expand one material 

and then retract it again to swallow up floating voxels 

9. Blow tool can be helpful for finding the edges of a globule 
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10. If some pixels are unlabeled (didn’t start from a fully labeled Weka labelfield, or 

unlabeled a volume of pixels that were incorrected labeled by Weka), can use the 

Watershed tool. Click watershed -> create a new gradient image (see Help -> watershed 

tool). This interpolates between labeled voxels and assigns every voxel a material identity 

11. If returning to saved Avizo project, click .labels and go to tiny icon “edit segmentation” 

Making a surface rendering 

1. Apply and create: project view, select .labels, right click -> generate surface -> change 

smoothing to 2.5 -> .surf -> surface view 

2. Try Unconstrained smoothing, smoothing extent 2.5 (higher smoothing numbers get rid 

of smaller features), Add border, Adjust Coords, min edge length0, Smooth material 

None 

3. Surface view: Draw style transparent, use Buffer (add/remove, show/hide) to visualize 

interfaces between selected Materials. Culling appears to do with the shading of the edges 

of the box.  

4. Volume rendering of .labels and can change transparency of colors with Colormap editor 

5. If box with green bullets won’t disappear around surface view, try adding/removing a 

surface. Seems to indicate the surface is in edit mode.  

6. Can put color behind a surface view by using a colored ortho slice, alpha transparency 

7. Can edit colormap, e.g. physics.icol by applying it to ortho slice and then changing upper 

bound of color in upper right hand corner 

8. Color assigned in labels.am may be decided from order of material? In JAM3099_SJ5-

3_5x2, have:  

a. Exterior 

b. Electrolyte 

c. Impurity particle 

d. Upper Li 

e. Lower Li 

f. Globule 

9. Can make the surfaces different colors by selecting colors: mixed. These colors appear to 

be correlated to the pixel colors.  

10. To change the surface rendering colors, go to the Surface element .surf green bubble -> 

Data parameter editor -> Find material 

Insert Scale bar 

1. Right click on gray in main panel 

2. Create object 

3. Scale bars 

4. Click on bubble, change line and font to black 

5. Change x-factor and y-factor to be the correct pixels/um 

Analyze stuff: get volumes 

1. Choose the finely polished label field 
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2. Right click 

3. M+A 

4. Material statistics 

5. Can get volumes 

Analyze stuff: get numbers of things 

1. Make a label field include the things you want to count 

2. Make the label field binary: add all irrelevant labels to Exterior (now the label field has 

only two kinds of pixels) 

3. Label analysis 

4. 3D interpretation 

5. Remove small spots will remove spots from binary images 

6. Can plot histograms 

Visualization trick from Dula 

1. Data set -> Arithmetic 

2. Label field = arithmetic input B 

3. Expression: a*(b = = 3) masks everything not in label 3 

4. Smooth the volume -> 2nd arithmetic to label field see a = = 3 -> convert image type to 32 

bit float -> smooth (Gaussian, 3D) (1, 1, 1). This is the new input 2: arithmetic a = b.  

9.1.9 To get more help 

Search: Reading Images, Visualizing 3D Images (slices, isosurfaces, volume rendering), Image 

Segmentation 

Nice general reference for Avizo, which contains  many things I haven’t talked about: 

http://avsl.cct.lsu.edu/avizo_general.html 

 

  

http://avsl.cct.lsu.edu/avizo_general.html
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9.2 Appendix II: Notes on Lithium Deposition and Stripping  
 

Time-stop X-ray tomography experiments were useful to get a visual, intuitive sense for the 

behavior of lithium plating and stripping in symmetric cells. In-depth quantitative analysis is 

time consuming, so many observed regions of interest were not published. This appendix shows 

a subset of interesting data to provide greater insight into lithium plating and stripping.  

 

 

Figure 9.2.1. Examples of unidirectionally polarized globules before and after reverse polarization in a r = 

0.085 SEO electrolyte. a) a globule in the electrolyte SEO(235-222). b-d) globules in SEO(115-172).  

 Fig. 8.2.1 shows four globules grown under unidirectional polarization conditions which 

exhibited different reactions to a subsequent reverse polarization step. Polarization was 

completed at 0.175 mA cm-2. All four of these globules exhibit a morphology change under 
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stripping conditions; however, the morphology changes differ. Fig. 8.2.1a shows a large globule 

(its larger size likely due to the greater rigidity of the electrolyte) that has only partially shrunk 

after 52 h of discharge. Fig. 8.2.1b shows a globule being preferentially stripped but only on one 

side. Fig. 8.2.1c shows a globule being stripped from both sides, but not the tip. Fig. 8.2.1d 

shows a globule which has almost penetrated the electrolyte. In this case, preferential stripping 

occurs much faster where the electrolyte is thin, leading to a reverse protrusion growing and 

shorting the cell from the opposite electrode. However, the entire globule appears to decrease in 

diameter, especially closer to the original protrusion tip.  

 

Figure 9.2.2. The globule in Fig. 8.2.1a being stripped over 115 h at 0.175 mA cm-2. The electrolyte is SEO(235-

200) r = 0.085. This globule is in the same cell as the globule analyzed in Chapter 4 of this dissertation.  
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Figure 9.2.3. A non-protruding globule stripped over 115 h at 0.175 mA cm-2. The electrolyte is SEO(235-200) 

r = 0.085. This globule is in the same cell as the globule analyzed in Chapter 4 of this dissertation. 
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Figure 9.2.4. The globule in Chapter 4 being stripped over 115 h at 0.175 mA cm-2. The electrolyte is SEO(235-

200) r = 0.085.  

 Figures 9.2.2, 9.2.3, and 9.2.4 show X-ray tomography cross-sections of different regions 

of the cell reported in Chapter 4. Chapter 4 reported the globule in Fig. 8.2.4 during the first 42 h 

of stripping. The experiment was continued to see the results of extended stripping. It appears 

that during large, tens of microns height change of lithium, volume changes the electrolyte sac 

begins to affect deposition morphology. We have hypothesized that the electrolyte sac is formed 

by an irreversible reaction; it appears that the sac deflates or collapses as the lithium inside is 

oxidized away at the electrode-electrolyte interface. The resistive layers of sac can cause voids to 

form on the electrode it formed on.  
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Figure 9.2.5. X-ray tomography cross-sections inside a lithium symmetric cell during time-stop cycling. The 

electrolyte is SEO(235-200) r = 0.085. The cell was imaged between each half cycle, which consisted of either 

charge or discharge for 12 h at 0.175 mA cm-2.  
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Figure 9.2.6. X-ray tomography cross-sections inside a second lithium symmetric cell during time-stop 

cycling. The electrolyte is SEO(235-200) r = 0.085. The cell was imaged between each half cycle, which consisted 

of either charge or discharge for 12 h at 0.175 mA cm-2.  

 Figures 9.2.5 and 9.2.6 show results from time-stop lithium cycling experiments intended 

to discover the process of formation of multiglobular structures. It is more evident than ever here 
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that lithium globules are preferentially stripped, as we see shrinking of protrusions during every 

half-cycle. We note the formation of what appear to be voids at certain times, especially the 

discharges shown in Fig. 9.2.6g and i. This void formation may be linked to the formation of 

multiglobular structures from a uniglobular structure. It is of interest to note that the volume of 

the multiglobular structure after the fourth cycle appears to be largely determined by the volume 

of the structure after its first half-cycle of growth.  
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9.3 Appendix III: Melt Purification of Lithium Metal  
 

 Impurity particles nucleate cell-short-circuiting protrusions in lithium symmetric cells 

with an SEO electrolyte. One strategy employed to remove impurity particles from the lithium 

was a pre-purification step involving the melting and solidification of lithium metal in a 

glovebox. Since liquid lithium is extremely reactive, multiple precautions were taken to 

minimize the risk of reaction. First, the amount of lithium melted was minimized (1 chip at a 

time). The lithium was placed in a nickel boat on a stainless steel plate on a hotplate inside an 

argon-filled glovebox. A stainless steel spatula was used to interact with the melted lithium. 

Nickel and some types of stainless steel, such as 304, have been reported to be nonreactive with 

molten lithium.  

 Upon melting, a gray papery layer of surface impurities was easily lifted off the surface 

of the lithium chip. The remaining molten lithium was bright silver, had high surface tension on 

the nickel surface, and was easily rolled into a ball. Upon solidification, the surface of the 

lithium stayed shiny, grew gray again, or grew purple. This is likely a reflection of the 

cleanliness of the glovebox atmosphere with respect to oxygen and nitrogen (lithium nitride is 

maroon-purple). The surface of the solidified lithium was scraped of impurities and re-melted 

until the surface remained mostly silver upon solidification. The solidified lithium surface was 

scraped one final time to remove the maximum amount of impurities before the lithium was 

flattened directly on to the nickel foil it had been melted on by a pneumatic press. The resulting 

layers were punched into nickel-backed lithium electrodes and assembled into cells.  

 

Figure 9.3.1. X-ray tomography cross-section showing differences in impurity particle concentration between 

a regular lithium foil electrode and a melted lithium electrode.  

 

Figure 9.3.1 shows the visual difference between a regular lithium electrode and a melt-treated 

lithium electrode using X-ray tomography. The melted lithium electrode had fewer observed 

impurity particles, although the few impurity particles were largely located at the electrode-

electrolyte interface. Overall, the ratio of impurity particles at the electrode-electrolyte interface 

was 13:29 for melt-treated and control lithium.  

The first small batch of cells incorporating melt-treated lithium all failed to cycle, possibly 

because of an electrolyte issue. Another batch of electrodes and cells was not made due to time 

constraints.  
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9.4 Appendix IV: Large-scale SEM Mapping of SEO 

 
This appendix contains additional results from large-scale mapping of SEO. In the future, 

quantitative analysis of grain size, connectivity, and tortuosity may be useful. This technique was 

successfully used to map millimeter-square areas of electrolyte.    

Large-scale SEM mapping of the surface of SEO electrolytes was accomplished using 

resources at the National Center for Electron Microscopy (NCEM) at the Molecular Foundry. 

Samples were prepared for microscopy in a method analogous to electrolyte membrane casting. 

The SEO block-copolymer was dissolved in NMP and mixed with LiTFSI such that the salt 

concentration was equal to 𝑟 = 0.04, 0.085 or 0.12. Then each solution was drop-cast on a silicon 

wafer. The silicon wafer was cleaned with water, acetone, isopropanol, methanol, acetone, and 

water before being baked in a drying oven to remove residual water. The solvent was evaporated 

at 60 °C on a casting plate, and then the samples were dried at 90 °C under active vacuum for 3 

days prior to the experiment. Samples were transferred to the SEM facility using an air-tight 

desiccator. To prevent charging artefacts, a Gatan Sputter Coater was used to coat all samples with 

an approximately 2 nm thick carbon layer. The morphology of the samples was investigated using 

a FEI Helios G4 UX scanning electron microscope operated at 2 kV. Secondary electron images 

were acquired using the through-lens detector. 

Figure 9.4.1. Lamellar structure of an SEO electrolyte with an inset showing texture of lamellae at electrolyte 

surface.  
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Figure 9.4.2. SEM micrographs of a stretched portion of the electrolyte membrane, appearing to show 

crazing of light PEO domains between glassy PS domains.  
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Figure 9.4.3. SEM micrograph of an electrolyte area showing comparatively more PS in the dark areas than 

the lamellar whorls. The additional PS at the surface may be a reflection of a few percent PS 

homopolymer remaining mixed with the PS-PEO block copolymer.  

 




