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Abstract 

It is crucial to refresh the current generation of lithium-ion battery materials, as demand 

heightens for better performance in carbon emission-lowering applications such as electric 

vehicles and aircraft. Theoretically, replacing the graphite negative electrode with lithium metal is 

a promising option for next generation batteries due to its higher energy density (facilitated by its 

low physical density, high theoretical capacity, and low electrochemical potential.) However, 

lithium metal exhibits early-onset failure due to instabilities at the metal/electrolyte interface 

during charging and discharging. Mossy structures called dendrites form, which quickly degrade 

battery life and give rise to safety issues such as thermal runaway. Understanding the physical 

phenomena that improve (or worsen) the stability of the lithium metal anode is critical to informing 

the design of next-generation lithium metal batteries.  

Pairing the lithium metal anode against a hybrid material layer (liquid + polymer + 

inorganic particle) that conducts lithium ions is an attractive choice to develop optimized chemical 

and mechanical layer properties, which can be tuned by varying the composition. In this work, 

novel imaging techniques involving in-situ and ex-situ X-ray micro-computed tomography 

revealed the chemical and mechanical dendrite suppression mechanisms harnessed by different 

classes of lithium-interfacing hybrid materials. The results indicate that dendrites are prevented by 

tailored structures that control lithium ion transport near the lithium metal interface. Farther away 

from the interface, dendrites can be controlled via mechanical suppression. The homogeneity of 

these hybrid materials is revealed to be a critical design requirement.   

This work was carried out in three parts. First, a digital image correlation (DIC) platform 

was optimized while studying viscoplasticity and anisotropy of lithium metal foils. Measured 

deformations show that thin commercial grade lithium foil is hardened by its manufacturing 
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process, adjusting its crystallographic texturing and the resulting creep behavior. Next, this 

technique was paired with in-situ X-ray micro-computed tomography to measure the deformation 

of a hybrid composite separator due to a protruding dendrite. Finally, a hybrid particle brush 

coating that prevents dendrites on lithium metal, extending cycle life and densifying plating and 

stripping, was characterized by ex-situ X-ray micro-computed tomography, mechanical testing, 

and ionic conductivity measurements. In both the hybrid separator and particle brush coating 

studies, structure-property relationships were explored in order to better understand which dendrite 

mitigation mechanism dominates: transport adjustment or mechanical confinement.  
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Chapter 1: Introduction  

 

 

 

1.1 Challenges of Lithium Batteries for Energy Storage 

 Batteries are an indispensable part of current society, powering everyday devices such as 

phones and pacemakers. The demand for batteries is becoming increasingly significant in the 

pursuit of alternative clean energy solutions to lessen the unprecedented 176 PWh-and-climbing 

global primary energy consumption in 2021.1 While transportation made up roughly 22 percent of 

carbon emissions in 2022, the annual increase was not as high as predicted, mainly due to electric 

cars surpassing 14 percent of car sales.2,3 The replacement of combustion engine vehicles can take 

place at a much higher rate if the battery performance would address the major concerns: battery 

life and charge rate. The key properties responsible for maximizing these three metrics are specific 

energy (energy-per-weight), energy density (energy-per-volume), specific capacity (energy 

storage-per-weight), power density (power-per-volume), specific power (power-per-weight), and 

cycle life. Current lithium ion technology has weaknesses in these areas to improve upon in next-

generation batteries. For example, a conventional lithium ion battery packôs capacity cannot be 

drawn at a fast enough rate to be used in an electric vertical takeoff and landing (eVTOL) vehicle.4 

The U.S. Department of Energy ARPA-E EVs4ALL program targets fast-charging to 80% in 15 

minutes with at least 200 Wh/kg cell-level specific energy. To achieve these most important goals 

to facilitate technical feasibility as well as consumer approval, the most significant gains can be 

made by switching out the electrodes for more energy dense materials. This dissertation provides 
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insight into design criteria for inexpensive and processable materials which enable the highest 

energy dense negative electrode and the physical and chemical mechanisms they utilize to enhance 

performance. 

 

1.2 Working Principles of Lithium Batteries 

1.2.1 Lithium-ion 

Like many battery cells, lithium-ion cells are arranged in a layered structure like a 

sandwich; a liquid electrolyte (usually organic solvent-based), which moves ions and blocks 

electrons, is surrounded on either side by a positive electrode and a negative electrode. The positive 

electrode, or cathode, is comprised of lithium-containing transition metal oxide active particles, 

electronically conductive particles, and a polymeric binder holding everything together and 

swelling with the electrolyte. Common cathodes are lithium iron phosphate (referred to as LFP), 

lithium nickel cobalt aluminum (or manganese) oxide (NCA, NMC), and lithium cobalt oxide 

(LCO). On the negative side, anodes are typically graphite or majority-graphite particles which 

can allow lithium ions to intercalate in and out of its crystalline structure. This is illustrated in 

Figure 1.1. Other components include the polymeric separator, which prevents the electrodes from 

making physical contact, as well as the current collectors, which are thin metal foils that connect 

the outside circuit to the cathode and anode. This cell stack can be encased in a few different 

designs, including: pouch, prismatic, and cylindrical. The pouch cell format is the most physically 

adaptable of the three and is the architecture used to study materials in this dissertation. 

While the cell is charged, lithium ions exit the crystalline structure in the cathode active 

material where oxidation occurs, travel through the electrolyte, and reduce at the anode, entering 
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its crystalline structure. During discharge, the lithium ions reverse this reaction traveling from high 

to low chemical potentials between the electrodes. As lithium is oxidized at the anode during 

discharge, electrons are sent through the connected circuit. It is common to measure the potential 

of electrode materials against a standard such as the standard hydrogen electrode (SHE) to evaluate 

electrochemical difference between cathode and anode which determines the nominal voltage of 

the battery. For example, graphite has a potential of -2.94 V vs. SHE, while LFP has a potential of 

0.38 V vs. SHE; this common Li ion cellôs nominal voltage should be around 3.3 V. A higher 

voltage of a battery translates to either greater power or longer lasting supply. This nominal voltage 

of the cell can be increased by increasing potential on the cathode side and decreasing potential on 

the anode side.  

 

Figure 1.1. Schematic illustration of a cross-section of a lithium-ion battery. In this case, the 

cathode is lithium cobalt oxide, and the anode is graphite. Current collectors are aluminum and 
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copper at the positive and negative terminals, respectively. Reprinted with permission from J. Am. 

Chem. Soc. 2013, 135, 4, 1167-1176.5 Copyright 2013 American Chemical Society. 

 

At a potential of -3.04 V vs. SHE, lithium metal is an advantageous choice for replacing 

the graphite anode. Other anode materials with potentials near the lithium potential are also sought-

out candidates. These materials, however, are not Li intercalating but rather Li alloying. This 

alloying process during charge and discharge drastically changes the structure of the anode which, 

for example concerning silicon, coincides with large volumetric expansion of up to four times.6 

This puts a surplus of mechanical stresses onto the cell and can lead to loss interfacial contacts 

within the cell. The current state-of-the-art solution is to combine silicon oxide or silicon carbide 

nanoparticles with graphite; though this exists as majority-graphite (up to 20 wt% silicon-based 

particles is feasible without parasitic side reactions).7 While this incrementally increases Li ion 

performance (reversible specific capacity 500 mAh g-1),8 the drastic enhancement required for high 

power technologies calls for something more impactful. 

 

1.2.2 Lithium metal  

Lithium metal provides the most energy on the material level of any negative electrode; it 

can store a significant amount of energy while being compact and lightweight. Paired with a high 

nickel content cathode, it can enable twice the cell-level gravimetric and volumetric energy 

densities as commercial graphite-lithium iron phosphate cells and twice the gravimetric energy 

density of silicon-graphite paired with lithium nickel cobalt aluminum oxide.9 Lithium metal can 

also deliver when it comes to fast-charging. This technology was investigated earlier than the 
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conventional lithium ion intercalating anodes. The lithium metal anode was paired with a TiS2 

cathode in the first work to demonstrate reversible insertion of lithium ions into the cathode crystal 

structure in 1976.10 Rather than intercalating into a crystal structure or alloying on the anode side, 

pure lithium deposits (plates) and strips away at the lithium metal interface. However, several 

issues became apparent involving the stability of lithium metal. This drove research for another 

several years to find a solution that could be commercialized. Finally, in 1991, Sony debuted the 

first Li ion battery with graphite as the anode following its discovery as an intercalating anode.11,12 

Ever since, researchers have revisited overcoming the bottlenecks of enabling lithium metal as a 

replacement anode due to its ñholy-grailò benefits such as theoretical specific capacity of 3860 

mAh g-1. 

The barrier to overcome in the pursuit of lithium metal stabilization concerns the plating 

and stripping process. This ubiquitously occurs unevenly, resulting in dendritic growth of mossy 

structures often referred to as dendrites. The dendritic cycling of lithium is shown in Fig. 1.2a. 

This effect is parasitic to the cellôs lifespan (cycle life), leading to a few different failure modes 

that end the life of the cell. In a liquid electrolyte cell, this behavior is exacerbated by solvents 

breaking down and forming organic compounds in the solid electrolyte interphase (SEI) which 

clash with the inorganic components of this interfacial layer at the lithium surface. This 

heterogeneity presents opportunities for heterogeneous flux of ions and growth of dendrites. 

Furthermore, any physical blockage of dendrite growth in the liquid electrolyte system is 

dependent on the separator. As this most commonly exists as a porous polymer membrane, 

dendrites can often become embedded in the separator and making their way to fully penetrate 

through causing a ñhardò short.  
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The literature has shown that applying pressure on the cell stack promotes denser lithium 

morphology sans dendrites.13 This creates the need for means of applying this high pressure (at 

least 3 bar in liquid systems)13 in the battery pack. The addition of steel plates clamping the cells 

at MPa of pressure sacrifices the pack-level energy density that was intended to be increased by 

lithium metal. Similarly, pairing lithium metal with a stiff solid-state electrolyte was believed to 

mechanically suppress dendrites within the cell. However, dendrites exist in this system, too, as 

thin filaments which propagate cracks in the stiff electrolyte. The dendrites nucleate at defect sites 

(voids) in the solid electrolyte at the anode interface which establishes heterogeneity during the 

first charge, exacerbating the problem. Ironically, applied pressure ï and even more of it than in 

the liquid system (at least tens of MPa) ï is required to alleviate this dendrite propagation.14ï17 

Many materials have been applied in lithium metal cells to research impact on dendrites to 

understand the mechanism(s) of why dendrites occur and how to eliminate them ïeven when Li 

plating occurs in the late life stages of lithium ion cells. 

 

 

Figure 1.2. (a-b) Images adapted from Lepage et al. of (a) unconstrained lithium metal anode with 

dendritic plating during cycling in an optical cell and (b) mechanically constrained lithium anode 

with uniform plating imaged with scanning electron microscopy (SEM).18 (c) X-ray micro-
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computed tomography cross-section of polymer electrolyte constraining lithium metal anode with 

uniform plating highlighted in purple. 

 

1.3 Lithium Metal Enabling Materials  

 Two mechanisms are considered when mitigating dendrites in lithium metal cells. It has 

been observed in all types of cells (both Li ion and Li metal cells, solid-state and liquid) that lithium 

can plate preferentially at the site of a defect.19ï21 Proposed materials aim to control these ñhot 

spotsò by controlling the physical and chemical homogeneity near the electrodes. Other work 

focuses on mechanical inhibition of dendrites. If the material is defect-free, then mechanical 

stiffness and toughness is proposed to keep the mossy structures at bay. The following reviews the 

dendrite prevention enhancements achieved in each electrolyte system paired with lithium metal: 

liquid, solid-state, and hybrid. 

 

1.3.1 Liquid Electrolytes  

Most liquid electrolytes are comprised of fluorinated salts and either carbonate or ether-

based solvents. Their general benefits include high ionic conductivity and easily dropped into 

currently widespread manufacturing processes. Common salts are lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium bis(fluorosulfonyl)imide (LiFSI), and 

lithium hexafluorophosphate (LiPF6). Fluorine can distribute the negative charges, dissociating 

ions, which aids salt solubility in solvents.22 Inserting more fluorine into the electrolyte via salt 

anions can contribute to a higher concentration of inorganic SEI species (lithium fluoride, LiF; 

lithium oxide, Li2O) which are more mechanically durable than organic counterparts.23 This stable 
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SEI inhibits parasitic side reactions at the low voltage side, where instabilities are prevalent in Li 

ion cells. Novel liquid electrolytes are designed to facilitate easier defluorination for better SEI 

development by incorporating a partially fluorinated group, CF2H.24 Organic solvents can also be 

engineered this way with fluorine. For example, 1-fluoroethylene carbonate (FEC) can improve 

capacity retention when replacing ethylene carbonate in an organic solvent mixture.25 

Lithium metal cells require more distinct electrolyte tailoring to enable greater stability. 

For example, ether-based solvents extend cycle life by reducing the rate of the SEI reaction in the 

carbonate system.26 Also, dual salt systems as well as highly concentrated salt electrolytes piqued 

interest in recent developments, widening electrochemical windows, further broadening the 

inorganic SEI composition, and  lowering volatility of the solvents.27,28 Adopting these newer 

electrolytes does require some development on the separator, cathode binder, and manufacturing 

process to ensure wettability, as the electrolyte can be more viscous and salts may precipitate more 

readily. Similar to adjusting the salts in the standard liquid electrolytes to boost lithium metal 

performance, the effect of additives has been explored.29 These often are added to lithium ion 

batteries as organic small molecules such as vinylene carbonate (VC), but again, dropping into 

lithium metal cells is not a simple task. The reactivity of lithium metal promotes the degradation 

of these small molecule organics, causing an early onset of failure in the cell by exacerbating the 

dendrite problem. 

 

1.3.2 Solid-state Electrolytes 

The investigation for low flammability, low volatility, and better dendrite suppression 

inspired solid-state electrolytes. These exist as hard and tough ceramics as well as viscoelastic 
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polymers. On the one hand, ceramic electrolytes have high ionic conductivity and are small 

molecule and salt-free; lithium ions exit the cathode crystal structure and hop through the lattice 

and defects within the solid electrolyte. This evades any concern over chemical side reactions that 

are prevalent in liquid systems. Ideally, the toughness of highly conductive oxide and sulfide-based 

electrolytes should withstand the uneven lithium metal surface; however, as previously mentioned, 

lithium filaments find their way through the materialôs weakest point which are the grain 

boundaries and defects. Another challenge concerning these hard solid electrolytes is its interfaces 

with lithium metal as well as the cathode particles. As for the cathode, it is difficult to establish 

perfect contact between hard solids. To solve this issue, a high-voltage stable and viscous material 

such as an ionic liquid can serve as an ionically conductive interlayer which adheres to the solid 

electrolyte and penetrates the cathode. While this solution can also apply to the lithium metal anode 

interface, the potential issues of chemical degradation have returned. Modeling work has 

uncovered that the presence of just a few weight percent of this interfacial fluid does not 

differentiate the catastrophic propagation of thermal failure across solid-state cells from the failure 

of lithium ion cells in battery packs.30 

Much work pursues applying stack pressure to the cell to take advantage of the viscoplastic 

behavior of lithium metal, relying on its creep to fill interfacial voids between it and the electrolyte. 

This introduces a plethora of engineering problems. A decent amount of stack pressure is required 

to both fill voids and to not lose out on energy density; however, the pressure should not be too 

excessive, as it can facilitate crack growth and extrude lithium metal through the electrolyte. To 

complicate things further, volume changes due to lithium metal plating and stripping must be 

accommodated to maintain the window of optimal stack pressure.31 
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Achieving enough pressure in the cell while also offering some give to accommodate 

volume changes and promote adhesion is made possible with polymers, another solid-state 

electrolyte. Polymer electrolytes are non-volatile, inexpensive, highly manufacturable, have low 

flammability, and cover a wide range of mechanical properties. One of the most studied polymer 

electrolytes contains poly(ethylene oxide) (PEO) and lithium salts. This polymer utilizes its chain 

motion to solvate Li ions by wrapping itself around them and pass them across these solvation 

structures. This ion transport mechanism relies on polymer chains in the amorphous state to be 

mobile throughout the free volume in the system. In a simple PEO + salt system, this requires the 

temperature to be above the glass transition temperature. This may not be practical in an electric 

vehicle and several more applications at variable temperatures, so another way to create free 

volume is to plasticize the polymer with solvent. Plasticization also prevents the PEO from 

crystallizing and hindering transport.  

As more solvent is present in this system, the regime of gel electrolytes is introduced. A 

popular copolymer in batteries, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), 

uses the same segmental chain transport mechanism in parallel to diffusing ions through some of 

its crystalline structures. As it is more rigid than PEO, PVDF-HFP also requires solvent or salt to 

plasticize it, but it can still exist as a relatively stiff gel with a modulus in the 100 MPa range. 

However, this time, the assistance of liquid electrolyte is needed by the lower ionic conductivity 

polymer which reintroduces the liquid electrolyte problems once again. 

Spanning several mechanical properties and chemistries, it is difficult to differentiate 

whether improvements arise from mechanical or chemical behaviors in polymers, especially since 

these behaviors are interactive. Citing mechanics as performance enhancing, one study revealed 

that deposited lithium morphology was more uniform on a polymeric substrate rather than on rigid 
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copper.32 Another study spanned polymer mechanical behaviors with Silly Putty-inspired coatings 

in lithium metal half cells, where the solid-liquid coating maintained higher capacity over extended 

cycling than did the more solidus and viscous materials.33 Modeling literature debates that elastic 

stiffness participates significantly to pushing dendrites back from protruding; Monroe and 

Newman infamously concluded with their modeling study that the elastic shear modulus of the 

polymer should be at least twice that of lithium metal to prevent dendrites.34 Experiments have not 

consistently aligned with this finding, however. Studies have shown that polymer electrolytes with 

smaller elastic moduli have contributed to superior lithium metal performances.35ï37 Leaning more 

on the chemistry end of the argument, several studies investigate a polymer of intrinsic 

microporosity (PIM) which is comprised of pores perfectly sized for selectively passing Li ions 

like a sieve.38ï40 However, these are brittle materials prone to cracking. 

It is always an optimization between ionic conductivity and mechanics in polymer 

electrolyte design. An additional class of materials aims to harness the benefits of polymers and 

inorganic materials so that ionic conductivity and mechanics have a widened optimization window. 

 

1.4 Hybrid Materials 

Composites (hybrids) are a mixture of at least two different materials and create the 

opportunity for fixing one materialôs problem with another and vice versa. Ideally, a particle-

polymer system has both stiff attributes from the particles and adhesive attributes from the polymer, 

and both contribute to conducting ions. In addition, the particles plasticize and reduce crystallinity, 

facilitating faster transport in the polymer domain. The system can be conveniently optimized by 

adjusting the concentration of components. A popular pair in the literature combines PVDF-HFP 
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with popular solid-state inorganic electrolytes as particles.41ï46 These studies often cite their best 

performing formula as yielding the maximum mechanical properties such as stiffness or strength. 

However, these mechanically optimized formulas also have optimal ionic conductivities as well, 

so it is difficult to understand which properties predict lithium metal performance.  

 

1.5 Dendrite Characterization 

 Battery cells are frequently torn down and imaged for postmortem and ex-situ analysis, 

including examining the lithium metal surface for dendrites using optical microscopy or scanning 

electron microscopy (SEM). It is also possible to cross-section a cell with ion milling, though it 

can be argued that the milling procedure creates an artificial cross section that is ill representative 

of reality. Recent developments with cryogenic temperatures have evaded these artifacts, though 

sample preparation may lead to physical conditions different from that of a commercially 

representative cell.47,48 Since the dynamics of plating and stripping at the lithium metal interface 

are rapid and complex, an abundance of research has examined this interface in-situ as well as in-

operando.17,19,49ï53 For some of these approaches, the sample preparation argument can still be 

made, where a completely new type of cell must be designed for the measurement. If the goal of 

the study is to observe the representative lithium metal interface, the cell must be in or very close 

to the format it would take in industrial applications. 

 One characterization technique that facilitates operando measurements and allows for 

observations of a pouch cell format is X-ray tomography. Specifically, the resolution of 

synchrotron-based tomography measurements enables visualization of micron-scale porosity in 

cycled lithium in three dimensions, unveiling dendrites occurring as the cell cycles. Operando X-



13 

 

ray computed tomography has been used to image lithium metal in full cells and cells with solid-

state inorganic electrolytes, which can reveal some information about lithium thickness and 

interface uniformity.50,54ï56 However, if lithium is imaged along with materials with higher atomic 

numbers, the resulting attenuation due to the different absorption of X-rays will hide many features 

within lithium metal such as porosity. In this dissertation, lithium metal symmetric cells, where 

lithium metal is both positive and negative electrode, with hybrid electrolytes yields X-ray 

computed tomography images which reveals the most detailed lithium structures ever seen with 

this characterization technique. 

 

1.6 Dissertation Outline 

While much work has proposed materials which enable dendrite-free lithium metal 

batteries, the dendrite suppressing mechanisms in hybrid materials and within each material that 

constitutes hybrid materials is not completely understood. Specifically, the degree to which either 

chemical or mechanical effects suppress dendrites in different cell materials between the electrodes 

has not been thoroughly explored. Additionally, these mechanisms have not been characterized in-

situ in commercially relevant formats. Therefore, the investigations in this dissertation provide 

input in the key considerations in designing hybrid materials for lithium metal anodes which are 

supported by measurements within the pouch cell architecture. 

Chapter 3 introduces a methodology used to more accurately measure deformation in 

battery materials, digital image correlation (DIC). This approach was validated with several thin 

membranes (see Appendix E) before characterizing the small deformations over long periods of 

time within lithium metal foils. With this, significant differences in the viscoplastic behavior of 

lithium were noticed in thinner foils than in the heavily characterized 0.75 mm foils. In particular, 
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0.10 mm thick foils exhibited anisotropy in both creep behavior and in X-ray diffraction 

measurements. This creep behavior exhibited slower creep than thicker foils, resulting in different 

creep exponents in the governing power law. Accurate measurement of small deformations was 

essential before using DIC on X-ray computed tomography slices in Chapter 4. 

In Chapter 4, a hybrid separator comprised of PVDF-HFP and LiF particles was developed 

to understand how composition effects lithium metal battery performance and how the mechanics 

and microstructure of these separators play a role in suppressing dendrites. The separator was 

visualized operando with X-ray micro-computed tomography in symmetric lithium metal cells 

which were cycled at a relatively high rate and current density (1 mA cm--2 and 1 mAh cm-2) which 

resulted in dendrites at the lithium metal interface. The fewest dendrites were observed in an 

optimal composition of LiF in PVDF-HFP, and the deformation due to a dendritic protrusion in 

one of the operando cells was measured with DIC of the tomography slices. This deformation was 

used as an input in a nanoindentation experiment which determined stiffness, elastic, and time-

dependent properties of the hybrid separators. Along with more characterization of the structure 

of the separators, it was determined that for this type of hybrid separator, stiffness and creep in the 

boundary condition of the dendrite which are enabled by tuning the crystallinity in the PVDF-HFP 

as well as containing the optimal concentration of LiF particles enabled the most dendrite 

suppression. 

It was assumed that the findings in Chapter 4 would also apply to a hybrid system as a 

coating; however, the dendrite suppressing mechanisms prevalent were different. Chapter 5 

investigates a particle brush lithium metal coating comprised of a poly(ethylene glycol) 

methacrylate (PEGMA)-based polymer covalently attached to silica nanoparticles synthesized 

with surface-initiated atom transfer radical polymerization (SI-ATRP). Optimization of these 
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particle brushes lies within the grafting density of the polymer chains on the nanoparticles (chains 

per unit surface area). Tuned grafting density prevents dendrites by controlling the ionic transport 

rather than mechanically blocking protruding nucleation of lithium. This was observed in 

symmetric Li and Li vs. lithium titanate (LTO) half cell configurations in pouch cells imaged with 

X-ray micro-computed tomography and tested with extended cycling. 

This dissertation highlights the importance of dendrite prevention near the lithium metal 

interface and the importance of particular mechanical properties of the separator. In hybrid systems, 

homogeneity is a prerequisite to achieve desirable performance in lithium metal systems, and 

further tuning of hybrid microstructure can achieve optimized dendrite suppression. Hybrid 

materials are a desirable class of material for enabling lithium metal batteries to power the high-

energy and high-power requiring technologies, as they are inexpensive and easy to manufacture at 

scale. This work contributes to the ongoing development of hybrid materials and understanding of 

how their intrinsic design and placement in battery cells can help achieve longer cycle life in high 

energy density batteries. 
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Chapter 2: Experimental Methodology  

 

 

 

2.1 Introduction 

 The investigations throughout this dissertation are deeply rooted in key drivers of industrial 

development. The materials that were synthesized and processed were selected for their low cost 

and manufacturability as well as for their interesting properties. The cells electrochemically tested 

in this work were designed to replicate commercial pouch cells, while still enabling simultaneous 

probing of chemical and mechanical behaviors. The operando measurements previously 

introduced were completely nondestructive. The mechanical tests were programmed to best-

simulate realistic conditions inside battery cells seen in the operando observations and during the 

cell-build. Thus, the results in future chapters can offer meaningful hybrid material design criteria 

for lithium metal anode stabilization. 

 This chapter summarizes these key experimental methodologies. Herein, the combination 

of X-ray micro-computed tomography and digital image correlation as well as the image 

processing techniques used to quantify measurements within the generated images are described. 

Next, the mechanical experiments carefully designed and informed by real physical boundary 

conditions observed in the cells in this work are included. Following the mechanical testing, the 

electrochemical procedures ranging from the architecture of the cells to the cycling protocol are 

introduced. Finally, the procedures utilized to prepare the materials studied in this dissertation are 
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summarized. Additional details of experimental methodologies relevant to each chapter are found 

within those chapters and in the Appendices. 

 

2.2 Image Processing with X-ray Tomography and Digital Image Correlation 

 Of the possible imaging techniques to study battery cells in this dissertation, X-ray 

computed tomography (X-ray CT) prevails as the best choice considering its ability to generate 

three dimensional scans nondestructively. It also does not require sample preparation largely 

deviating from a pouch cell format as many other characterization techniques use (e.g. tunneling 

electron microscopy (TEM)). X-ray CT works by transmitting X-rays which get partially absorbed 

by a rotating sample. The remaining X-rays are collected by a charge coupled device camera. The 

decrease in intensity or absorption of X-rays by the material is correlated with material density and 

atomic number. Attenuation data are collected along the series of linear paths along which the X-

rays are transmitted at different angles. These data are combined into filtered backprojections at 

the same angle using algorithms; this is called reconstruction. The result is a 3D image made up 

of 2D slices that can be panned through at any angle and analyzed using post-processing software. 

X-ray CT can be carried out at a few different length scales. Common medical CT scans at 

a resolution of 1-2 mm for a field-of-view (FOV) as large as the meter-scale. At the smallest length 

scale, nano-CT can achieve a resolution of 50 nm while restricting the FOV to 16 µm. X-ray CT 

at its full scale does not produce the resolution needed to observe porosity in lithium metal or even 

distinguish it from the pouch material and separator. Nano-CT also can not be applied, as the 

materials are too thick for the X-ray beam at this energy level (around 8 keV). The perfect length 

scale is micro-CT, delivering a resolution of 0.7 µm and FOV up to hundreds of mm. The 
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experiments herein were conducted with a synchrotron light source which enabled optimized 

lithium metal cell imaging at 20-40 keV and FOV around a few mm. 

 

2.1.1 In-situ and ex-situ X-ray Computed Tomography 

Micro-CT was carried out in this work with both ex-situ and in-situ approaches. Ex-situ 

micro-CT consisted of imaging battery cells at rest that were not actively being charged/discharged 

in a cycling experiment. The goal was to understand the representative resulting lithium metal 

morphology at different stages of cycling. Images were mostly taken in the center of the active 

area apart from one sample which was additionally imaged at the edge to verify the failure due to 

edge effects. While both lithium metal symmetric and lithium/lithium titanate (LTO) half cells 

were both imaged with ex-situ CT, the best resolution of the lithium morphology was achieved 

with the symmetric cells. The less contrast in the images of the half cells is due to the presence of 

the cathode materials also in the FOV which have much higher atomic numbers than Li. While 

protrusions on the order of 50 µm could be detected in the half cell images, the contrast between 

pores, cycled lithium, and bulk lithium within the lithium metal anode was subdued in comparison 

to those features in the lithium symmetric format. Thus, the lithium symmetric format was selected 

for thorough morphology analysis via segmentation, a process described in Section 2.1.3. 

  In-situ micro-CT involved imaging lithium symmetric cells in the center of their active 

areas, yet while they were hooked up to a potentiostat which cycled the cells between CT scans. 

This allowed the observation of the plating and stripping dynamics at the lithium metal electrodes. 

The result of these measurements was a set of 3D CT images of the same cell taken at different 

stages of a few charge-discharge cycles. As the sample developed changing lithium metal structure 
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over cycling, alignment across scans could not be consistent. Therefore, the stacks of slices across 

CT scans had to be realigned or ñregisteredò in post-processing software. For the study in Chapter 

4, image stacks were aligned to features within the lithium electrode and the pouch material that 

was closest to a dendritic protrusion of interest, as the other materials in the cell were moving in 

space due to the lithium structure changes. The goal of the in-situ micro-CT in this dissertation 

was to track the movement of a hybrid separator due to the heterogeneous evolution of the lithium 

electrodes. This required cross correlation of the particles within the separator across registered 

images. While this could be done with image processing software using careful segmentation, this 

approach is time consuming. A more convenient approach is with digital image correlation 

software, described below. 

 

2.1.2 Digital Image Correlation 

 Digital image correlation (DIC) is a noncontact, optical measurement technique that 

replaces an extensometer or strain gauge. It requires a camera frequently photographing a speckle-

like pattern on the surface of a deforming specimen. DIC software uses cross correlation on the 

pattern that has been broken up into smaller overlapping quadrilaterals called facets to quantify 

the displacement of those facets from their original locations in the initial image. The result is a 

map of deformation, strain, or strain rates across the patterned surface across images. The accuracy 

of DIC is driven by the resolution of the speckle pattern which determines the size and separation 

of the facets, resolution of the camera, rate of deformation of the sample, and frame rate. A 

representative facet is shown in Fig. 2.1. Two dimensional DIC is performed with one camera 

taking images from a single vantage point directed 90ę at a planar material. It is crucial to avoid 

out-of-plane deformation. 3D DIC circumvents this issue, as it captures out-of-plane deformation 
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within its measurements. This involves two cameras equally angled toward the plane of the 

specimen and thorough calibration. In either approach, DIC was found to have advantages for 

quantifying deformations within battery materials throughout this dissertation. One major benefit 

of DIC is the holistic view of the deformation over an entire area. A field of strains can indicate 

stress concentrations, defects, and where in the sample strain is most homogeneous and precise. 

DIC was successful at quantifying the variable deformation throughout the cross-section of the 

hybrid separator in Chapter 4 in a single step. Additionally, it performed accurate measurements 

of the creep within the gage area of lithium metal foil tensile specimens in Chapter 3. Furthermore, 

it avoided the challenges of attaching gages to measure strains in thin films commonly in batteries 

(see Appendix E). 

 

 

Figure 2.1. Two overlapping facets outlined in green evaluating the underlying speckle pattern on 

Kapton film. See Appendix E for more information. 
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2.1.3 Segmentation 

 While DIC post-processed in-situ CT images to convey deformation of features therein, a 

segmentation approach was utilized for quantifying amounts of specific features of lithium metal 

morphology. All segmentation was performed with Dragonfly (ORS Inc.). First, pores were 

defined using a thresholding method that assigned pixels below a particular threshold value within 

the cycled lithium regions of the image sets. Next, the entire cycled lithium region was defined 

with a few steps. The segmented volume of interest started with the pores already defined, then a 

similar thresholding technique was performed to add the voxels with brighter intensity in this 

region. The middle-range intensity of the remaining voxels was similar to the intensity of the 

surrounding features of the cell such as the bulk lithium, so thresholding would not fill in the rest 

of the volume without also counting these features. Several manual segmentation approaches could 

be used to select the remaining voxels of the cycled lithium metal. One approach used in this work 

involved inverting the segmented region-of-interest with the voxels of low and high threshold 

values so that all middle-range voxels were selected. These voxels within the cycled lithium metal 

were manually erased through the entire stack of slices before inverting back, resulting in the 

segmented volume of cycled lithium. Figure 2.2 compares a segmented slice to the original slice. 
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Figure 2.2. Bare lithium symmetric cell post 20 cycles (a) cross-section imaged with micro-CT. 

Panel (b) highlights and points to a region-of-interest (ROI) to be cropped for segmentation of 

cycled lithium. Panel (c) is the result of the segmentation procedure described herein, highlighted 

in purple. Scale bars: 100 µm. 

 

 Calculated volumes can be derived from segmented regions-of-interest within CT 3D 

images. This was used to estimate porosity within the cycled lithium volume and overall cycled 

lithium volume. Another key estimation was the volume of bulk lithium consumption. If the 

starting lithium electrode thickness is known, a 3D box can define the edge of the starting lithium 

metal active surface as a distance equivalent to the starting Li metal thickness from the opposite 

edge of the electrode interfacing the pouch. The box can crop away the rest of the image, and the 

remaining image can be segmented as described previously to determine the volume of the cycled 

lithium that has replaced the original lithium metal electrode. These procedures were specifically 

conducted in the work summarized in Chapter 5. 
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2.3 Mechanical Experiments 

 This section describes the mechanical experiments conducted throughout this dissertation. 

Several standard test methods (e.g. ASTM) have been developed to determine mechanical 

properties of different classes of materials. Defining these properties allows for comparison across 

different materials and for predicting behaviors in different loading conditions. These test 

standards are well documented for ductile and brittle materials that can be easily cut into tensile 

specimen, but there is room for development on test methods for materials that are difficult to 

tensile test per ASTM standards. In this dissertation, some testing standards were followed, some 

testing protocols were adapted for materials unfit for standard methods, and some testing methods 

were designed to best-simulate a few different loading conditions in pouch cells. The pouch cell-

simulating tests allowed for materials tested with this approach to be most precisely compared 

with regards to how they behave in the cell. 

 

2.3.1 Tensile and Compressive Testing 

 If a material is capable of free-standing, tensile testing is the method of choice for defining 

mechanical properties such as Youngôs modulus, yield stress, tensile strength, toughness, and 

strain at break. It does not require careful consideration and calibration of probes and platen 

surfaces that are inherent parts of other mechanical tests. The best accuracy can be achieved by 

cutting test material into ñdog boneò shaped tensile specimen, where the deformation and failure 

of the material is controlled to occur in the center of the gage length of the specimen. Even better 

accuracy is met if strain gages are used in the center of the gage length, as otherwise, the crosshead 

displacement would be used to report strains. The crosshead displacement is the average 
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displacement over the entire length of the specimen between the grips. This is not accurate, as the 

material displacement close to the grips is near-zero, and away from the grips it is larger. Using a 

strain gage is not possible for some materials; for example, thin materials would deform differently 

under the strain gage than without it. As discussed in the previous sections, this is why DIC was 

adopted in this work. 

 Digital image correlation was not only used to measure strains more accurately within the 

center of the gage length of various materials in this dissertation (lithium metal foil, copper current 

collector, and Nafion). It was also used to directly measure Poissonôs ratio of thin-film Kapton. To 

completely define and predict elastic behavior, two of the following three should be known: 

Youngs modulus E, shear modulus G, and Poissonôs ratio ɜ. They are related by Eq. 2.1.  

 

Ὃ        (2.1) 

 

Poissonôs ratio is the absolute value of transverse strain divided by longitudinal strain in a 

tensile experiment. Capturing the small strains in the transverse direction requires sufficient 

resolution within the technique. While digital image correlation has been used to measure 

Poissonôs ratio of thin polymer films, it had not been validated for films that are solvent-

sensitive.1,2 Membranes which swell or degrade with exposure to solvents such as in the airbrushed 

speckle patterns that have been used on other materials require a dry pattern for DIC.3ï6 Once the 

DIC method was validated for measuring Poissonôs ratio for Kapton with a standard airbrushed 

pattern, it was applied to materials (Kapton, Nafion, copper, and lithium) with dry speckle patterns 
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(see Appendix E and Chapter 3). In addition to Poissonôs ratio, Youngôs modulus, creep properties, 

and loading and unloading behaviors were observed using dry speckle pattern DIC. 

As a battery cell cycles, electrodes expand and contract which causes neighboring 

electrolytes and separators to compress and uncompress. If one of these materials does not return 

to its original thickness or exhibits hysteresis with cyclic loading, it could lead to delamination or 

pressure differences in the cell, reducing performance. Thus, a quantity of elasticity could be 

observed in mechanical experiments. One way to quantify elasticity is to take the area underneath 

the load and unload curves and calculate a ratio between the two, E/P. This is explained in more 

detail in Chapter 4, where it was measured in the hybrid composite separators in a tensile test. The 

loading and unloading behavior were more generally observed in Nafion in a tensile test coupled 

with DIC with dry speckles (see Appendix E). 

For materials that cannot exist as free-standing films, mechanical tests involving a substrate 

were employed. For the tensile tests described above, either large equipment (Instron) was used, 

or more sensitive equipment (Dynamic Mechanical Analysis, DMA) was used for smaller test 

specimens up to 10 mm of gage length. The DMA was additionally used for compression tests. In 

Chapter 5, a compression test was designed to mimic the pouch cell vacuum sealing and constant 

pressure thereafter on the hybrid particle brush coating. This specific test protocol was used rather 

than a standard test method, since standard protocols call for samples several mm thick and rigidity. 

The stiffness of the particle brush coating sans solvent was measured with atomic force microscopy 

(AFM) to be in the 1-10 MPa range. To best replicate the conditions of the coating in the cell, the 

coating was deposited onto lithium-plated copper foil (27 µm total substrate thickness) and was 

swollen with the liquid electrolyte tested in the study. The substrate itself was measured with the 

technique, and it was verified that it was not participating in the deformations measured in the 
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coated samples. The DMA was able to identify the starting thickness by applying a preload of 0.1 

N then control the stress ramp up to a particular stress which was held for 20 minutes. The secant 

modulus was measured with this test protocol, taking the stress divided by compressive strain of 

the coating at the last data point of the stress ramp. Creep rate was also measured. These results 

are not material properties that should be compared to properties measured with other techniques; 

rather, the properties measured can be compared within the dataset. 

 

2.3.2 Nanoindentation 

 Another mechanical test method that can be used when tensile and compressive tests are 

challenging (i.e. when materials are too soft and thin) is nanoindentation. The output of this test is 

indentation depth of a probe that applies a controlled force on the surface of the test specimen. The 

probe has a fine tip radius that retrieves properties on the nano and microscales. Specific probe 

shapes have been associated with models that can estimate mechanical properties such as hardness, 

elastic modulus, and viscoelastic properties. For example, Hertzian equations can be applied to 

load-indentation depth data acquired with a spherical probe to quantify hardness and elastic 

modulus.7 This process differs from the previously described methods in that instead of applying 

displacements and measuring force, it applies load to the sample through controlling the force 

within the spring-like transducers and measures displacement. In Chapter 4, nanoindentation was 

applied to the hybrid separators using a Berkovich tip. Oliver and Pharr mathematics were applied 

to the data to determine elastic modulus.8 The viscoelasticity was observed via a force-holding 

step in the procedure. Furthermore, the abovementioned E/P could be estimated from the load-

indentation depth data. Nanoindentation was selected to be performed on the hybrid separator in 
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addition to tensile tests due to its similarity to the loading conditions of a lithium metal dendrite 

protruding into the separator that was observed in micro-CT images. A schematic illustration 

describing the indentation setup and procedure in detail is found in Fig. B.2. 

 

2.3.3 PeakForce Atomic Force Microscopy (AFM) Quantitative Nanomechanical Mapping 

(QNM) 

 Atomic force microscopy is another form of indentation. In traditional tapping mode AFM, 

a sharp tip on a cantilever applies forces to scan across the sample surface, revealing topology and 

some relative information about mechanical stiffness at each scanning location. In PeakForce AFM 

(a method developed by Bruker Corporation), the forces applied are much gentler and are constant 

enabled by feedback control which monitors the cantilever deflection per force. A particular 

capability of PeakForce is Quantitative Nanomechanical Mapping (QNM). This evaluates the 

load-indentation depth profile at each measurement point on the surface and maps corresponding 

values for stiffness, adhesion, indentation depth, etc. Like nanoindentation, depending on the tip 

geometry, models can be applied to estimate elastic moduli at the nanoscale yet delivering tens of 

thousands of data points per scan. This method was used to supplement the compressive 

mechanical data which characterized the hybrid particle brush coating (Chapter 5). As a conical 

probe was used in these experiments, the Sneddon model was used to estimate stiffness.9 Due to 

likely conflicting van der Waals interactions between the solvent and tip as well as solvent 

volatility, these measurements were performed on the unswollen coating. 
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2.4 Electrochemical Experiments 

 The following section describes the experiments used to evaluate the electrochemical 

performance of the materials studied. 

 

2.1.3 Cell Design 

 Pouch cells were redesigned from their standard format to produce highest quality images 

in the micro-CT experiments. Therefore, all electrochemical tests were evaluated using this cell 

architecture. As previously described, high-atomic number materials present alongside lithium 

metal pose challenges achieving adequate resolution in micro-CT evaluation of cycled lithium 

metal morphology. This was true for the LTO cathodes, and this was also true for the current 

collectors that were adjacent to the lithium metal electrode on the side opposite the active face, e.g. 

in the path of the X-rays. A micro-CT pouch cell was designed to extend the current collectors 

away from the active area. To enable this, lithium metal electrodes were punched into the shape of 

a lowercase ñb,ò where the active area is the circle. Nickel tabs were augmented into ñwingò tabs, 

where a small piece of an additional nickel tab was welded onto the original tab, allowing that 

piece to bend and sandwich the tip of the tail of the b-shaped lithium electrodes. A schematic 

illustration of this cell design, Figure B.1, can be found in Appendix B. This cell design was used 

in the work summarized in Chapters 4 and 5. 
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2.1.4 Ionic Conductivity 

 The ionic conductivity, ů, is a measure of how easily ions can be transported through a 

material. It can be measured by applying AC Impedance spectroscopy, which applies a ~10 mV 

amplitude over a range of frequencies (in this case, 1 mHz to 100 kHz was used). Purely resistive 

behavior can be observed in the impedance spectrum (Nyquist plot of imaginary component versus 

real component of impedance) in the high frequency limit. At high frequencies, the material 

behavior is capacitive, and the behavior is purely resistive (imaginary component is zero). This 

resistance, R, is the low x-intercept on the Nyquist plot. Since conductivity is inverse resistivity, 

the geometry of the cell must be taken into account to represent an intrinsic property. The cell 

format for ionic conductivity measurements in this work is a coin-in-pouch architecture. Blocking 

electrodes were stainless steel, which ensure that the conductivity measurement only accounts for 

ions and not the electronic conductivity. Thickness of the material, t, must be measured, and the 

cross-sectional area, A, must be known. The calculation of ionic conductivity using this format is 

described by Eq. 2.1. 

 

„       (2.1) 

 

 It is common to measure ionic conductivity across temperatures, especially for solid 

electrolytes. This measurement can reveal insights into ionic conductivity mechanisms from the 

type of relationship that can be drawn. This was performed in the work in Chapter 5 and is further 

discussed therein. 
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2.1.5 Cycling 

 Emphasis was placed on repeating charge and discharge of cells, or cycling, to quantify 

performance of materials. In a full or half cell, lithium ions are transferred from cathode to anode 

during charging. In lithium metal cells, this is when plating occurs. During discharge, the ions are 

stripped away from the lithium metal anode and are inserted back into the cathode. A common 

experiment to observe the plating and stripping dynamics as well as quantify lifespan of the cell 

in terms of cycle life is cycling. This can also be performed with lithium symmetric cells, where 

instead of relying on the chemical potential difference between electrodes to discharge, 

galvanostatic current is applied in opposite directions to force ions to plate and strip back and forth. 

Potential is measured throughout the experiment, monitoring of the health of the cell and offering 

key insights into the electrochemical processes such as revealing side reactions. The majority of 

cycling performed in this work was lithium symmetric.  

 The overpotential values in the cycling data are driven by area-specific ohmic resistances 

such as the conductivity of the electrolyte and the interfacial resistances at the electrode surfaces. 

The concentration polarization, overcoming the nucleation barrier, and changes of surface area of 

cycled lithium and SEI volume during plating and stripping are responsible for the curved nature 

of the voltage profiles. Discrepancies exist in literature, where some indicate that lower 

overpotentials and flat, square-like waveforms indicate the most stable lithium metal cycling; 

whereas others show this behavior is indicative of shorting, so ñpeakingò behavior is more 

desirable.10 It was observed throughout this dissertation that the electrolyte dominates the 

waveform profiles and initial overpotentials in the cycling data. The resulting lithium morphology 

is strongly affected by cycling with different electrolytes and material additives as well. The failure 

of the symmetric lithium cells was seldom observed to occur via significant drop in overpotential 
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and shifts to square-like waveforms; this happened most often with low ionic conductivity 

materials (less than 0.1 mS cm-1) between electrodes. The cells with the longest lifespans were 

able to recover onsetting soft shorting events. This is discussed in more detail in Chapter 5.  

 Depending on the ionic conductivity of the electrolyte with separator, if enough current is 

applied during cycling experiments, dendrites can more easily occur within fewer cycles for sooner 

study. This was employed in the work in Chapter 4, where 1 mA cm-2 was sufficient to stress the 

system into achieving a more dendritic morphology within ten cycles. 

 

2.5 Material Synthesis and Fabrication 

 The hybrid materials (separator and coating) investigated in this dissertation were 

synthesized and prepared each through their own approach. The synthesis of the hybrid separators 

was comprised of combining starting materials and mixing to achieve the most disperse particle-

polymer composite. The resulting precursor was cast into a film by doctor blading onto a Teflon 

film substrate from which it easily released. The solvent dissolving and dispersing the precursor 

was tuned for minimal porosity observed in the final films. This resulted in a mixture of solvents 

which controlled evaporation post doctor blading while still being able to dissolve the polymer in 

about an hour. 

 Preparing the hybrid coating involved Atom Transfer Radical Polymerization (ATRP) to 

synthesize the particle brushes. This method is introduced in the following section and is described 

in more detail in Chapter 5 and Appendix C. The method of applying the particle brushes to the 

lithium metal electrodes is adaptable and scalable. While the approach used to gather the data 

summarized in Chapter 5 and Appendix C was drop casting, an airbrushing technique was also 
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explored as a scalable application method at a later stage of the project. This technique is found to 

produce promisingly homogeneous coatings that are thinner than the drop cast coatings and is 

involved in ongoing work. 

 

2.5.1 Atom Transfer Radical Polymerization (ATRP)  

One controlled polymerization technique is Atom Transfer Radical Polymerization 

(ATRP). This yields polymers that have precise and accurate chain lengths. This allowed for the 

polymer to be grafted from the surface of the silica nanoparticles rather than first preparing the 

polymer then condensing it onto the nanoparticles. With this, much more precise particle brushes 

could be achieved. While performing ATRP requires more steps, calibrating the conditions to be 

executed in the dry room was possible. 

ATRP relies on a transition metal catalyst and an alkyl halide initiator which generate a 

radical. This radical reacts with a monomer, forming a growing polymer chain and propagating 

until termination. Throughout this process, an equilibrium of active and inactive polymerizing 

chains allows for controlled precise growth which is made possible with a halogen-containing 

compound which can reversibly deactivate polymer chains. The catalyst is required to mediate the 

transfer of radicals across active and inactive species in traditional ATRP. The specific technique 

used in Chapter 5, Activators Regenerated by Electron Transfer (ARGET) ATRP overcomes issues 

that can arise from this dependency on the catalyst such as unwanted termination by regenerating 

the deactivated catalyst by transferring electrons through a sacrificial reducing agent. This also 

enables the use of less catalyst in the reaction. 
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2.5.2 Ultraviolet-Polymerization 

 A few more scalable polymerization approaches were investigated in this work as lithium 

metal coatings. As they did not achieve as consistent coatings as the drop cast particle brushes and 

therefore resulted in variable cycling behaviors in lithium metal cells, more development is 

required in future work. However, they enable in-situ reactions on lithium metal foil which offers 

convenience for dropping into a roll-to-roll large scale manufacturing process. The most promising 

method which is mentioned in Appendix C is ultraviolet (UV) polymerization.  

 Other in-situ polymerization on lithium metal is challenging due to the speed of the reaction 

(thiol-ene ñclickò chemistry was found to react under one second and resulted in heterogeneous 

coatings) and requirement of high temperature (azobisisobutyronitrile (AIBN) based chemistry). 

UV polymerization could be performed at room temperature in a matter of minutes. The reaction 

requires a small quantity of photoinitiator (~1 wt%) and UV light. While not as controlled as ATRP, 

the end-product of coated lithium metal foils could be achieved much faster. This approach was 

developed for coatings that could contain particle brushes as well as lithium salts in-situ. The 

challenge to optimize for in the future is thickness consistency and homogeneity. 

 

2.5.3 Lithium metal Foil Preparation 

 It has become an unwritten rule in the industry as well as in academic gloveboxes to ñcleanò 

lithium metal foils before cell building. Some methods are reviewed in literature.11 The goal of 

pre-treating the lithium metal surface is to achieve a defect-free, smooth surface sans passivation 

layers developed via exposure to non-inert environments. An initial study preceding the work in 

Chapter 5 examined lithium metal pre-treatments with different lithium foil suppliers. The foils 
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were studied by performing electrochemical impedance spectroscopy (EIS) over time in symmetric 

cells. The cells with desirable lithium foils demonstrated consistent Nyquist plots in the shortest 

time and maintained consistency over days. The pre-treatment that resulted in negligible Nyquist 

data (shown in Fig. 2.3) was calender rolled while sandwiched between pouch material. 

 

Figure 2.3. Nyquist plot (imaginary component of impedance vs. real component of impedance) 

of symmetric lithium metal cell whose electrodes were calender rolled before cell build. Potential 

amplitude: 10 mV. Range of frequencies: 1 mHz ï 100 kHz. 
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Chapter 3:  Creep and Anisotropy of Free-Standing Lithium 

Metal Foils in an Industrial Dry Room 

 

 

 

This chapter is reproduced from the following publication: 

Dienemann, L. L.; Saigal, A.; Zimmerman, M. A. Creep and Anisotropy of Free-Standing Lithium 

Metal Foils in an Industrial Dry Room. J. Electrochem. En. Conv. Stor. 2021, 18 (4), 040908. 

 

3.1 Introduction 

Many upcoming technologies such as electric vehicles, consumer electronic devices, and 

the grid require a battery with both energy density and safety that are maximal. A strong contender 

for such devices is the solid-state battery with a non-flammable electrolyte. In any case, the energy 

density of the battery can drastically increase with lithium metal as the anode due to its low 

electrochemical potential of -3.04 V versus the standard hydrogen electrode. Specifically, the 

configuration of a lithium metal anode coupled with a lithium-containing cathode like NMC811 

delivers great energy density and could be considered for commercialization.1 Furthermore, 

lithium metal supplies almost twice the gravimetric energy density and three times the volumetric 

energy density as graphite, the anode in the lithium-ion battery.2 However, problems arise with the 

lithium metal anode.  
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During charge and discharge cycles of a battery, lithium ions can nucleate and plate onto 

the lithium metal anode. This plating can result in dendritic growth of lithium whiskers, or 

dendrites, which can grow right through a liquid electrolyte and cause a short with the cathode. A 

lithium metal anode that is mechanically unconstrained can result in steep growth of dendritic 

mossy structure of reduced lithium ions.3 While the lithium anode is mechanically constrained 

inside a coin cell, the plating morphology is uniform.3 In liquid electrolyte batteries, a separator 

film serves as a solid structure between the two electrodes, allowing ion shuttling while blocking 

dendrites. Therefore, one may believe that a solid electrolyte would have the same preventative 

impact. Micro-computed tomography images of operando cycling of a lithium metal battery with 

a solid polymer electrolyte illustrates non-dendritic, uniform plating of lithium (see Fig. 1c in Ref. 

4).4 

The first theoretical model to relate mechanical stiffness of the lithium anode and a solid 

electrolyte to dendritic plating was delivered by Monroe and Newman in 2005.5 Their study 

concluded that the shear modulus of the solid electrolyte that interfaces with the lithium metal 

anode must be twice the shear modulus of lithium. However, the assumptions made about plating 

and stripping are not valid for inorganic electrolytes. The shear modulus of a ceramic or sulfide 

electrolyte may be orders of magnitude larger than that of lithium, yet dendrites still plate through 

the electrolyte causing shorts via other mechanisms.6  Furthermore, not all polymer electrolyte 

experimental results agree with Monroe and Newmanôs theory.7 

Monroe and Newman made the assumption that both materialsðthe lithium and polymer 

electrolyteðare linear elastic.5 However, lithium has been shown to creep in tension, having 

strained over ten percent at 298 K and 0.43 MPa in a 2019 study.3 Lithium has also been shown to 

exhibit plastic deformation and creep in compression.8 Creep occurring in a metal around room 
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temperature is due to lithiumôs low melting temperature of 453 K. Researchers have developed a 

mechanical model for lithium that utilizes every aspect of its mechanics: elastic, plastic, and 

viscoelastic.9,10 The model contains some viscoelastic parameters obtained from indentation 

measurements.11  

It is crucial to encapsulate all the deformation mechanics inside this battery interface to 

fully understand which mechanics are active during cycling to prevent dendritic lithium plating. 

Barai et al. showed that beyond Monroe and Newmanôs linear elastic approach, the coupled 

electrochemical equation with elastic and plastic solid mechanics correlates with dendrite 

propagation.12 In their simplified battery model, they assigned elastic-plastic regimes to both the 

lithium metal anode and the polymer electrolyte. The yield strength is now an additional parameter 

to consider for preparing an electrolyte with adequate mechanical integrity to inhibit dendrite 

propagation. However, battery modeling has not been extended to time and temperature dependent 

mechanics, such as creep, as well as crystallographic texture.13,14 First, the involved materials must 

be characterized for the insertion of representative material parameters.  

To ensure the efficacy of future modeling of lithium metal in batteries, this study aims to 

replicate Lepage et al.ôs study yet in a standard dry room environment and on thinner lithium foil 

commonly used in commercial batteries.3 Both the dry room environment and thin lithium foil are 

more representative of commercial battery manufacturing. Lithium may be exposed before 

assembly long enough such that mechanics could be affected via reactions with moisture and air 

components. According to Ref. 15, the tensile properties in atmospheric air for short experiments 

(10 minutes) did not see an effect from the environment, while longer exposure (one hour) resulted 

in morphological differences at the surface and a hardening effect.15 However, the limitations of 

the preservation of pure lithiumôs mechanics in dry air was not determined. Reference 4 showed 
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that 0.75 mm lithium foilôs creep mechanism did not change in a dry room environment following 

mechanical tests at several temperatures.4 This work aims to determine the difference, if any, 

between the viscoplastic measurements of 0.10 mm lithium foil and the environment, including a 

directional study on 0.75 mm and 0.10 mm. Long term deformation at a pressure created by the 

manufacturing of a coin cell, 0.30 MPa, is included as well. 

To the best of the authorsô knowledge, a directional study has not yet been done for 

calculating creep parameters, and microstructure has not yet been correlated to these specific 

mechanics. Therefore, this study is broken up into the following three parts. The first subsection 

delivers the mechanics of both 0.75 and 0.10 mm thick lithium metal at different strain rates and 

in both orthogonal directions, obtaining the power law creep exponent, m, per the orientation of 

the material. The creep activation energy of the 0.75 mm foil in the dry room environment is 

compared with previously calculated values.3,4 The second subsection investigates the temperature 

dependent mechanics of the 0.10 mm foil in its two orthogonal directions, calculating 

corresponding activation energies per orientation and per power law creep exponents measured in 

this study. The last subsection investigates the lithium foilsô microstructure for potential 

correlations with the mechanics discovered in the earlier sections.  

 

3.2 Experimental Methods 

3.2.1 Materials, Apparatuses, and Environment 

Lithium foil (0.75 mm) was purchased from Alfa Aesar. Lithium foil (0.10 mm) was 

purchased from Albemarle. Lithium metal was kept in an Argon glovebox and was removed 

immediately prior to experiments in a standard-industrial dry room. Three lithium strips were 
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measured for each iteration of temperature, constant rate of deformation, or constant stress and 

direction.  

The tensile testing apparatus used was the TA Instruments DMA850, and the Film/Tension 

clamp was installed with the flat edges of the grips interfacing the specimen. The grips were 

tightened consistently with a torque screw once the temperature of interest was reached, 

accounting for thermal expansion. 

The dry room is environmentally controlled at a temperature of 273 K, and the relative 

humidity is controlled and measured at approximately 0.20 percent throughout the experiments.  

 

3.2.2 Time-dependent Mechanics and Digital Image Correlation 

Constant deformation as well as constant stress experiments are used to measure creep in 

metals which obey the power law (Eq. 3), given the steady state stress is below the yield or glide 

stress of the material and parameters including temperature, strain rate, and stress are held constant. 

All time dependent experiments were done at 298 K, a temperature controlled by the dry room. 

All lithium samples were rectangular; 10 mm across with a 15 mm gage length. Types of 

specimens include the 0.75 mm lithium and the 0.10 mm lithium with the long axis in the machine 

and transverse directions (MD and TD). The DMA850 began each experiment with a load of 0 N, 

and the strain was measured via a Digital Image Correlation (DIC) method. The experimental setup 

for this section is represented by the schematic in Fig. 3.1 with the furnace open and without dry 

air flowing through the liquid nitrogen dewer. 
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Figure 3.1. Schematic illustration of experimental setup with an image taken from the DIC time-

dependent experiment as the inset 

 

Digital Image Correlation is a non-contacting, optical measurement technique that requires 

a speckling on the specimenôs surface to establish a pattern of small facets which can map 

deformation, strain, and strain rate across the specimen using cross correlation. A combination of 

magnesium oxide powder and graphite were chosen for speckling owing to Ref. 3ôs success of 

preventing side reactions with the lithium metal.3 This speckle pattern was also used on the 0.10 

mm lithium; previous work shows that if a powder speckle pattern is used on thin membranes, the 

small strains measured by DIC are statistically unchanged from the recommended solvent-based 

patterns.16 Using a 25 µm sieve, magnesium oxide was first dispersed onto the specimen then 

carefully flattened to promote good contact with the lithium surface without compressing the 

lithium. Next, the graphite powder was sieved over the magnesium oxide layer creating good 

optical contrast for the DIC images. Images were taken with a Canon EOS 5D Mark IV coupled 

with a 100 mm lens and two panels of LED lights illuminating the specimen from either side of 
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the camera. Images were analyzed with GOM Correlate 2D software. Strains and strain rates were 

consistently measured over a central gage area away from edge effects. An image used for the DIC 

measurements is the inset of Fig. 3.1; the blue shaded area is the central gage area where DIC 

strains were calculated by the software. 

 Specimens that were placed under constant deformation were strained at rates of 3 

x 10-3 s-1, 3 x 10-4 s-1, and 3 x 10-5 s-1. A constant stress experiment of 0.30 MPa was done on all 

specimens to indicate the mechanical characteristics experienced by lithium foil inside a coin cell 

and was included in calculations of the power law creep exponent, m.  

 

3.2.3 Temperature-dependent Mechanics 

The setup and procedure described in Ref. 4 were used in this study for the temperature 

dependent experiments.4 The 0.10 mm lithium foil was cut into rectangular strips 10 mm wide and 

were tensile tested at a strain rate of 3 x 10-5 s-1 at the temperatures 273 K, 298 K, 348 K, and 398 

K. Lithium strips were cut to have a tensile gage length of 25 mm. Strips were cut with the long 

axis in the MD and orthogonally in the TD. The experimental setup in this section is represented 

by the schematic in Fig. 3.1 with the exception of no camera or DIC. 

True stress-true strain data were calculated from the stress and strain measured by the 

instrument via the assumptions in Eq. 3.1 and 3.2. The final true stress value at 1 percent strain is 

taken as the steady state creep stress, „ , which is plotted logarithmically against inverse 

temperature to achieve the relationship in Eq. 3.4 derived from Eq. 3.3. The slope of this plot yields 

ὗ, the activation energy. 
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Figure 3.2. Time dependent behavior of (a) 0.75 mm lithium foil through constant deformation, 

(b) 0.10 mm lithium foil through constant deformation, (c) 0.75 mm lithium foil through constant 

stress of 0.30 MPa, and (d) 0.10 mm lithium foil through constant stress of 0.30 MPa experiments 

at 298 K. True strain rates as well as true strain were measured with DIC. 

 

‐ ὰὲρ ‐        (3.1) 

„ „ ρ ‐                                     (3.2) 



53 

 

 ‐ ὃ„ Ὡὼὴ                      (3.3) 

ὰὲ„ Ὕ ὰὲ                           (3.4) 

 

3.2.4 Grain Size and Texturing 

The 0.10mm lithium foilôs microstructure was evaluated for potential effects on the creep 

mechanics. First, X-ray diffraction (XRD) was performed on the 0.10 mm lithium with a Malvern 

PANalytical Empyrean Diffractometer with a Mo k-Ŭ (ɚ = 0.70926 ¡) source while using a 

focusing mirror and XôCelerator Detector in transmission mode. The lithium was vacuum sealed 

into a mini pouch inside an argon glovebox prior to analysis. Second, scanning electron 

microscopy (SEM) was performed with a JOEL JSM-IT800. The samples were transported via a 

vacuum-sealed vessel. Lastly, optical images were taken with a Keyence laser confocal 

microscope inside the dry room.  

 

3.3 Results and Discussion 

3.3.1 Time-dependent Mechanics 

Plots of the true strain rate over time for the constant deformation rate experiments as well 

as plots of the true strain over time for the constant stress experiments are shown in Fig. 3.2. 

Appendix A contains stress versus strain curves, shown in Fig. A.2 & A.3 for 0.75mm and 0.10mm 

foils. Each of these plots contains curves from a single specimen. Data are not plotted after the 

specimen began to experience failure. Steady state regimes were chosen to be limited by the stress 
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which was changing up to 1 percent for the constant deformation experiments and to the strain 

rates which maximized the coefficient of determination where creep is linear (secondary creep) 

for the constant stress experiments. Furthermore, regression was used to determine estimates for 

the steady state strain rates in secondary creep. A notable difference between the 0.75 mm foil and 

the 0.10 mm foil is captured in Fig. 3.2c and 3.2d. The same 0.30 MPa constant stress experiment 

resulted in much higher strains and strain rates in the secondary creep stage in the 0.75 mm lithium. 

The thicker lithium reached tertiary creep at around 5.5 hours, whereas the thinner lithium did not 

reach this stage in the time frame of these experiments. This difference is quantified after plotting 

the steady state data in Fig. 3.3 and 3.4. Potential underlying mechanisms for this difference 

include the manufacturing processes, quality control, and microstructure. These are explored in 

the final section. 

 

Figure 3.3. Characterization of the creep power law exponent, m, of 0.75 mm lithium foil. 

Horizontal error bars cover the range of values in the steady state stress regime during constant 
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deformation experiments. Vertical error bars cover the range of true strain rates measured by DIC 

during the steady state regime. The slope of the line is m = 6.25 ± 0.41 (90% confidence interval). 

 

Figure 3.3 shows the steady state creep stress ï strain rate plots for the 0.75 mm foil, and 

Fig. 3.4 contains the data for each orthogonal direction of the 0.10 mm lithium foil. The power law 

creep exponent, m, is the slope of the linear regressions on each log-log plot, and it is obtained 

with a 90 percent confidence level. These results are listed in Tables 3.1 and 3.2.  

 

 

Figure 3.4. Characterization of the creep power law exponent, m, of 0.10 mm lithium foil in both 

machine (MD) and transverse (TD) directions. Average steady state strain rate and steady state 

stresses are plotted as points and fitted with linear regression. The shaded areas represent the 90% 

confidence intervals on each fit. 
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The creep exponent for 0.75 mm lithium, 6.25 ± 0.41, is statistically similar to the 

previously recorded value in the literature.3 Furthermore, Table 3.1 indicates that if this creep 

exponent is used to calculate the activation energy in the previous section rather than the creep 

exponent from Ref. 3 as was done in Ref. 4, the activation energy (37.6 ± 7.9 kJ mol-1) nearly 

matches the previously recorded value in Ref. 3 (37.0 ± 6.0 kJ mol-1).3,4 Combining these results 

with prior mechanical data at various temperatures, the power law creep exponents and activation 

energies that are both similar and significantly below those of lattice diffusion (50 kJ mol-1) lead 

us to the conclusion that the dry room environment in these experiments does not play a major role 

in the bulk time and temperature dependent mechanics of the lithium foil.4 Further supporting this 

claim, SEM was done on the 0.10 mm lithium foil that was sitting in the dry room for one day as 

well as the same foil that was brought outside of the dry room. The difference in morphology seen 

in Fig. A.4 indicates the lack of effect the dry room environment has on the lithium foil surface. 

The structures on the surface of the lithium brought outside the dry room confirm the similar results 

seen in prior work.15 It should also be noted that throughout these time dependent and temperature 

dependent experiments in the dry room, the lithium foilôs shiny surface was retained. 

 

Power law exponent, m Activation energy, Qc (kJ mol-1) 

     6.60 ± 0.70 3       37.0 ± 6.0 3 

6.25 ± 0.41  37.6 ± 7.9 

 

Table 3.1. Creep properties of 0.75 mm lithium foil. 
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Direction Power law exponent, m 

MD 10.61 ± 0.78 

TD   9.62 ± 0.69 

 

Table 3.2. Time dependent properties of 0.10 mm lithium foil in machine and transverse directions. 

 

The power law creep exponents of the 0.10 mm foil are separately tabulated (Table 3.2). 

The Supplemental Information contains a regression equation for both MD and TD directions in a 

log-log relationship between true strain rate and true stress in the steady state regime (Table A.2a). 

Table A.2b includes the coefficients for the regression including an interaction term (the slope, m) 

which indicates a significant difference between the creep exponents in MD and TD for a 

confidence level of 90 percent (p = 0.097). 

 

 

Figure 3.5. Temperature dependent true stress-true strain of 0.10 mm lithium foil in machine and 

transverse directions. 
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These statistics (10.61 ± 0.78 for MD and 9.62 ± 0.69 for TD) cover a range of values 

reserved for a creep mechanism different from that of the 0.75 mm lithium. Reference 17 has 

reviewed metals such as carbonyl iron and high purity aluminum that also display higher exponents 

(of at least 8) experience a specific type of recrystallization, where small grains form within the 

original grains during steady state creep. These higher exponents have been seen in dispersion 

hardened materials and some cubic metals, where creep occurs through the lattice yet with more 

obstacles forming during viscoplastic deformation 17. One commonality between these materials 

discussed in 17 and the 0.10 mm lithium is the particular manufacturing process. It is possible that 

the extrusion and rolling procedure for lithium foils builds a different microstructure per different 

thicknesses of foils. The final section explores this potential effect. 

 

 

Figure 3.6. Log scale plot showing the linear relationship between steady state creep stress and 

inverse temperature (raw data in Fig. 3.5) for the machine and transverse directions in 0.10 mm 
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lithium foil. Error bars indicate the range of the steady state stress regime across all samples tested 

per temperature. Linear fits are performed with regression with 90% confidence. 

 

3.3.2 Temperature-dependent Mechanics 

Figure 3.5 contains the true stress-true strain data of one sample of 0.10mm lithium foil in 

each direction at each temperature. The results containing all samples per temperature, separated 

by direction, are summarized in Fig. 3.6 which displays the logarithmic relationship governed by 

Eq. 3.4. The error bars indicate the range of the steady state creep stress values over the entire 

steady state range of the data collected across all samples per temperature, ranging from 0.006 to 

0.01 strain. This range of strain was chosen for its corresponding true stress variation maintaining 

within three percent at 298 K, indicating steady state creep and good fit with the power law at this 

intermediate temperature. A linear regression is plotted for the machine and transverse directions. 

 

Direction Power law exponent, m Activation energy, Qc (kJ mol-1) 

MD 10.61 ± 0.78 43.77 ± 4.33 

TD   9.62 ± 0.69 41.16 ± 3.64 

 

Table 3.3. Creep properties of 0.10 mm lithium foil. 

 

Using the values of m for 0.10 mm lithium foil in MD and TD (see Table 3.3 for summary 

of all creep parameters for 0.10 mm foil), the calculated activation energies result in Qc = 43.8 ± 

4.3 kJ mol-1 in the MD and in the TD, Qc = 41.2 ± 3.6 kJ mol-1. These values are comparable with 
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the value of Qc for 0.75 mm foil from 3, which is 37.0 ± 6.0 kJ mol-1. The error results from a 90 % 

confidence interval around the linear regression. It also takes into account the error from the 

measurement of m, the creep power law exponent. The result for the activation energy in this study 

agrees well with the conjecture that the mechanism for creep in lithium at these temperatures is 

core diffusion.17 The other option is creep by lattice diffusion, which has a reported activation 

energy value of 50 kJ mol-1.3 The values of the activation energy obtained in the dry room 

environment in this study for 0.10 mm-thick lithium as well as in previous work for 0.75 mm foil 

is significantly smaller than reported value for activation through lattice diffusion.3,4 Furthermore, 

the activation energy values are not a function of crystallographic orientation in the plane of the 

foil, as the activation energies are comparable between MD and TD in the 0.10 mm lithium foil.  

Optical images were taken with a laser confocal microscope to investigate the surface of 

the foil at each temperature after each test. An additional experiment was run at 248 K to 

investigate these effects at the lowest temperature which provided mechanical data lower than the 

glide stress in the previous literature.3,4 The images at 248 K, 298 K, and 398 K are included in 

Appendix A in Fig. A.6. A significant difference in the surface features including grain size does 

not exist across these images in Fig. A.6, but the grain boundaries in some locations appear darker, 

scattering more light than the grain boundaries observed in the pristine lithium foil (Fig. 3.7). This 

could indicate stress development from the applied displacement across all temperatures. 

It can be noted that the stress experienced in the 0.10 mm foils is lower in the MD than in 

the TD in Fig. 3.5 and 3.6 ï especially at 273 K. This can be due to crystallographic texturing in 

the foils, where certain slip planes could be more present in preferred directions. It is possible that 

in the 0.10 mm lithium, different temperatures define the bounds for power law creep to hold true. 

However, data at more temperatures below 298 K and analysis is needed to support this claim.  
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Figure 3.7. Optical images of (a) pristine 0.10 mm lithium surface microstructure and (b) the same 

foilôs surface microstructure after constant stress of 0.30 MPa experiment 

 

3.3.3 Grain Size and Texturing 

The 0.10 mm lithium had two X-ray diffraction peaks characteristic of BCC planes (110) 

and (200) along the scan about 2ɗ. The more prominent signal was (110) due to its higher density, 

so the corresponding angle in 2ɗ was selected for an azimuthal scan about ű. Higher intensity 

peaks located at the symmetric locations of the TD indicates that the plane is preferentially oriented 

along the MD. This is clearly illustrated by Fig. 3.8. In the literature, Ref. 18 saw no texturing in 

their electrodeposited lithium, and Ref. 3 also came to the same conclusion about the 0.75 mm 

lithium that was also used in this study.3,18 Reference 19 reported texturing of the (110) plane along 

the MD and TD for 0.33 mm lithium.19 Manufacturing procedures yielding lithium thinner than 

0.75 mm could result in this texturing. The major manufacturing process of lithium foils is 

extrusion. It is possible that foils thinner than 0.75 mm are either extruded with a smaller die or 

rolled to achieve these thicknesses, but the exact manufacturing procedures from the suppliers in 

this study are proprietary. Directional effects in the creep parameters obtained can be due to the 
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crystallographic orientation preference seen in the 0.10 mm lithium foil which could arise due to 

extrusion and/or rolling. During plastic deformation, crystalline materials develop preferred 

orientations with their slip planes aligning along the direction of tension.20 For example, the rolling 

process can fully recrystallize materials, especially when heat is involved.20 Furthermore, in 

crystalline polymers, different mold thicknesses influence the orientation of crystallites through 

the thickness of liquid crystal polymers undergoing injection molding.21  The texturing seen in the 

0.10 mm lithium explains the lower stress seen in along the MD during the experiments which 

varied temperature as well as the higher strain rates per stress applied in the previous sections, as 

dislocations slip with more ease along the densely packed {110} planes in BCC structures which 

could have likely arisen from any plastic deformation involved in the manufacturing process. 

 

 

Figure 3.8. X-ray diffraction azimuthal scan about phi (ű) in the (110) plane of the 0.10 mm 

lithium foil. The peaks of the machine direction (MD) and transverse direction (TD) during the 

scan are labeled with ñMDò and ñTD.ò 
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Grain sizes on the order of 10-100 µm have been reported for lithium foils in the 

literature.18,19 Difference in grain size owes to modified manufacturing procedures such as heat 

treatments. However, it has been discussed that materials can either undergo recrystallization into 

smaller grains (reducing effective grain size) or into denuded zones, increasing grain size.17,22 This 

notion is explored in Fig. 3.9, where Fig. 3.9a shows the (110) peak from 2ɗ scans on a pristine 

0.10mm foil, and Fig. 3.9b shows a 0.10 mm foil that underwent the constant stress experiment of 

0.30 MPa for several hours. The peak broadening is smaller after the lithium foil crept, meaning 

the grain size has increased during creep at 0.30 MPa.   

 

 

Figure 3.9. X-ray diffraction scan about 2Theta (2ⱥ) on (a) pristine 0.10 mm lithium foil and (b) 

the same foil undergoing constant stress of 0.30 MPa for several hours. The full width at half 

maximum (FWHM) is taken for both (110) peaks after background noise was subtracted and is 

denoted on each plot. 

 

Recrystallization was also explored with SEM (see Supplemental Information) and optical 

microscopy in Fig. 3.7. An approximate grain size of 156 ± 62 µm was estimated from images of 

the untested foil using ImageJ. This is similar to reported grain sizes for the pristine 0.75 mm 
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lithium foil in the literature.3,18,19 Images were taken again with SEM and laser confocal 

microscopy after the constant stress experiment (Fig. 3.7b, Fig. A.5). The images before and after 

testing show how the grain boundaries scattered more light post creep. During creep in tension, 

grain boundaries behave as a source of dislocations into the grains.22 This results in volume 

changes inside the grains as dislocations climb. A potential reason for the widening of the grain 

boundaries both seen in the SEM and the optical microscope could be denudation, which ultimately 

results in the grain growth determined by the XRD results. Another potential source of grain 

boundary adaptation is the presence of another species in the metal. The 0.10 mm lithium is 

specified for allowing up to one percent more impurities than the 0.75 mm foil.23,24 Grain growth 

causes the creep rate to slow down owing to increased distance dislocation cores must travel 

between grain boundaries.22 The results confirm this; the 0.10 mm foil experienced a slower creep 

rate at 0.30 MPa than the 0.75 mm foil. As stated before, dispersion hardened materials as well as 

certain alloys have displayed higher creep exponents.17,22 The mechanism for the larger m for the 

0.10 mm foil could be the presence of impurities and grain growth which enable higher resistance 

for dislocation cores to diffuse. Further investigation of the grain boundaries as well as the presence 

of impurities using transmission electron microscopy (TEM) as well as X-ray photoelectron 

spectroscopy (XPS) can help elucidate the dominant mechanism for this difference in creep rate. 

The microstructure, in particular grain boundaries, should attract consideration in plating stability, 

especially since Ref. 25 reports mossy lithium plating preferentially at areas of localized defects 

such as grain boundaries.25 This means that larger grains resulting from grain growth via lithium 

metal creep could yield fewer areas of mossy lithium plating. 

Differences between the previously reported mechanics of the 0.75 mm lithium foil and 

the newly studied 0.10 mm lithium foil, such as the strain rate dependent plasticity in different 
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orientations, demonstrate how mechanics change through different thicknesses and suppliers of 

lithium, likely owing to the manufacturing process. It has been shown that the direction through 

the thickness of 0.75 mm foils has different mechanics and a preference for {100} planes, and the 

foil has been characterized as transversely isotropic.15 Thinner lithium such as the 0.10 mm foil in 

our study can be regarded as orthotropic given it has two unique sets of properties in the machine 

and transverse directions and assuming it has the same [100] texture through the thickness. This 

confirms Ref. 26ôs theoretical prediction of anisotropic elasticity in lithium metal.26 This effect is 

more prominent as the lithium foils are thinner (often 20 µm) for higher fractional use of lithium 

in energy dense applications. One common practice at the battery manufacturing stage is rolling 

thicker lithium foil down for a more uniform surface better suited for uniform plating.27 Future 

work should extend this study to rolled and washed lithium metal anodes. 

In electrochemical-mechanical modeling of battery systems which utilize lithium metal, 

the governing equations can be modified to consider the anisotropic mechanics discovered in this 

study. In particular, the stress and strain rate tensors can account for orthotropic components such 

as in equations described by Goyal and Monroe, and lithium metalôs mechanical parameters can 

be characterized by foils of certain thickness owing to particular manufacturing processes.28 This 

can be applicable to continuum scale modeling of the lithium metal anode interface as well as at 

the dendrite scale, where creep may or may not occur fast enough to even out lithium plating.29 

Lithium metal battery performance targets containing goals set by the US Department of 

Energy ARPA-E IONICS program call for stable use for 500 cycles at 1C and a current density of 

3 mA/cm2 while using a lithium metal anode at most 20 µm thick.2 According to Ref. 3ôs Fig. 3.7b 

(lithium metal dominant deformation map per height, current density, and strain rates at 298 K), a 

cell which hits these targets falls into the power-law creep dominated regime.3 Therefore, 
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throughout the lifespan of such a coin cell battery, the lithium metal anode can experience around 

1 percent of uniform secondary creep strain if the pressure inside the cell is unchanging from its 

time of build, the cell is at room temperature, and the lithium metal behaves like the 0.10 mm foil 

in this study. However, in non-coin cell applications where temperature can be much different and 

pressures increase, the amount of creep strain could reach a point where the lithium metal has 

failed during these experiments (up to around 10 percent in this study for strain rates of 3 x 10-3 s-

1 on 0.10 mm foil and up to 60 percent for 0.75 mm foil at 4 x 10-3 s-1 in Ref. 15.)15 Our previous 

work also discussed seeing failure in large deformations of lithium metal which does not align 

with the predictions of the models.4,10 While this might not translate into mechanical failure of 

lithium in a cell due to different boundary conditions, this amount of plastic, time and temperature 

dependent deformation should be considered while engineering lithium metal batteries for 

commercialization as well as within models which can help predict which materials are 

electrochemically and mechanically compatible with lithium. 

 

3.4 Conclusions 

 This study discovers the anisotropy in commercial 0.10 mm thick lithium foil and how it 

affects creep (time and temperature dependent mechanics) in the machine and transverse directions. 

The 0.10 mm foil is found to be textured; the (110) plane is aligned along the machine direction. 

Therefore, this work defines the creep power law exponent and the activation energy for the MD 

and TD of the 0.10 mm foil. As the (110) plane is a slip plane in BCC structures, the lithium 

creeped more in the MD than in the TD. The activation energies in both of these directions of the 

0.10 mm foil are similar to each other, are similar to the activation energy of 0.75 mm lithium, and 

can further support the conclusion that lithiumôs creep mechanism is best represented by core 
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diffusion rather than lattice diffusion. However, a difference exists between power law creep 

exponents of 0.10 mm and 0.75 mm lithium, likely owing to impurity content and manufacturing 

processes known to cause preferred crystallographic orientations.20 Additionally, this study further 

supports Ref. 4ôs claim that the dry room environment is not compromising of lithium metalôs 

mechanics such as creep activation energy and power law exponent by measuring and calculating 

these parameters on 0.75 mm foil in an industrial dry room and achieving comparable results to 

the previous literature.3,4 Lastly, microstructural studies revealed grain growth occurring during 

long term deformation of the 0.10 mm foil under constant pressure representative of a just-

manufactured coin cell, indicating the prevalence of the adaptive nature of the lithium metal 

anodeôs microstructure and mechanics from the time a cell is built.  

These results are discussed within topics of electrochemical-mechanical modeling of 

lithium metal batteries as well as their pertinence to the future goals for commercialization, 

invoking lithium metal anode source comparisons and directionally dependent bulk creep 

properties in next-generation modeling. 
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Chapter 4: Understanding Lithium Dendrite Suppression by 

Hybrid Composite Separators: Indentation Measurements 

Informed by Operando X-Ray Computed Tomography 

 

 

 

This chapter is reproduced from the following publication: 

Dienemann, L. L.; Geller, L. C.; Huang, Y.; Zenyuk, I. V.; Panzer, M. J. Understanding Lithium 

Dendrite Suppression by Hybrid Composite Separators: Indentation Measurements Informed by 

Operando X-Ray Computed Tomography. ACS Appl. Mater. Interfaces 2023, 15 (6), 8492ï8501. 

 

4.1 Introduction 

Replacing the graphite anode in lithium-ion batteries with lithium metal has been a 

commercialization goal since the invention of the lithium-ion battery. Using lithium metal as the 

anode would save both space and weight due to its higher energy density than graphite, the anode 

used in current lithium-ion battery technology. With a low electrochemical potential of -3.04 V 

versus the standard hydrogen electrode coupled with its low density, lithium offers triple the 

volumetric energy density compared to conventional graphite anodes.1 An abundance of work has 

aimed at better understanding the instability issues that arise with lithium metal and which specific 

conditions are required for achieving cycling dense, uniform lithium metal.2ï10 Most often, lithium 

metal plates onto and strips from the anode in an uneven manner, leaving behind mossy structures 
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often referred to as dendrites. These structures must be prevented from propagation, which could 

lead to shorting and lifetime decay of the cell. 

 Mechanisms for cell failure due to dendrites have been extensively discussed in the 

literature.9,11ï14 Overall, lithium metal failure is discussed to be mitigated by two major strategies: 

dendrite-prevention and dendrite-blocking.11 The dendrite-prevention mechanism is the control of 

uneven plating and stripping on the lithium metal anode by tuning the uniformity of the 

concentration of current and diffusion of ions.11 If a non-uniformity is present in the cell stack, the 

distribution of current is dictated by low-resistance pathways which lithium ions prefer and ñhot 

spotsò where plating and/or stripping is faster. Defect-free materials in the battery are necessary in 

order to fully take advantage of this mechanism, which can be a challenge to design and fabricate 

and is why the dendrite-blocking mechanism must also be considered. In the inevitable case where 

a material contains a defect, lithium ions plate onto the lithium metal anode preferentially closest 

to the defect site, building a hill of plated lithium metal. If extremely compliant materials like a 

liquid or a soft gel are interfacing the anode, this continues to occur, increasing the intensity of the 

protrusion and plastically deforming the separator. Interfacing lithium metal with materials with 

higher mechanical integrity has been theorized to block the propagation of dendrites. Elastic 

properties such as Youngôs modulus and shear modulus have been reported to correlate with 

dendrite-blocking ability.15 Anecdotally, applying stack pressures upwards of 0.3 MPa has been 

shown to control the morphology of cycled lithium, densifying it.3 It may seem that when uneven 

lithium witnesses stress against it, either the protruding lithium is forced to flow or the ions begin 

to plate more evenly. It may seem that when uneven lithium experiences a stress against it, either 

the protruding lithium is forced to flow, or the ions begin to plate more evenly. 
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In experiments, the theory that having solely stronger linear elastic properties can deter 

dendrites is not supported. For example, high modulus materials such as oxide or sulfide inorganic 

solid-state electrolytes often show lithium plating (formation of lithium filaments) through grain 

boundaries and cracks within the material.6 Sufficiently robust mechanical properties, including 

Youngôs modulus, are often cited as a performance metric of polymeric electrolytes, separators, 

and coatings; however, elastic properties often fail to correlate with better battery performance 

across several studies, as shown in Figure 4.1.16ï29 An alternative performance metric used here to 

compare several organic materials within lithium metal/lithium iron phosphate cells combines the 

capacity retention, C-rate, and number of cycles reported in these works, and is defined by Eq. 4.1: 

 

ὖὩὶὪέὶάὥὲὧὩ ὓὩὸὶὭὧ ὅὥὴὥὧὭὸώ ὶὩὸὩὲὸὭέὲὅ ὶὥὸὩὔόάὦὩὶ έὪ ὅώὧὰὩί      (4.1) 

 

Notable, but less often reported properties commonly cited in silicon anode research are 

the elastic recovery as well as the ratio of elastic to plastic work (E/P) done on an organic binder, 

which are two measurements that relate to anode dimensional stability during the significant 

volume changes experienced by silicon particles during lithiation and delithiation.30ï32 A polymer 

with elastic recovery or E/P that is high enough such that the material retains its mechanical 

integrity and dimensions as it had as soon as it is crimped/sealed inside any battery should 

discourage permanent changes to the conductivity of the cell. If the polymer also has some 

flowability or viscoelastic properties, it is possible that contact between it and the ever-changing 

surface of the lithium metal anode is retained, meaning that plating and stripping should maintain 

a uniform lithium morphology.33,34 This work aims to develop an understanding of mechanical 
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behavior at the lithium/hybrid polymer-particle composite interface and its relevance in preventing 

dendrites. 

 

 

Figure 4.1. Examples of prior literature reports showing no clear correlation between the 

mechanical properties of polymeric materials used in lithium iron phosphate/lithium metal cells 

and a proposed performance metric (ὖὩὶὪέὶάὥὲὧὩ ὓὩὸὶὭὧ ὅὥὴὥὧὭὸώ ὶὩὸὩὲὸὭέὲὅ

ὶὥὸὩὔόάὦὩὶ έὪ ὅώὧὰὩί 

 

With polymeric interfacial/electrolyte materials, increasing the modulus usually results in 

a tradeoff with ionic conductivity. Thus, the transport and mechanical properties must be optimized 

together. One strategy is to leverage the high ionic conductivity and strong modulus of inorganic 

fillers within an organic matrix.35 Several works simply disperse particles in gel separators and 

coatings, while others utilize covalent bonds and interactions between organic and inorganic 

phases to maximize spatial uniformity.13,36ï38 A prevalent duo in the hybrid inorganic-organic 
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literature is filling poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) with active 

(e.g. lithium-containing) inorganic particles, which together comprise an ionically conductive 

separator, coating, or electrolyte.36,39ï43 Several studies show that an optimal inorganic content 

exists to maximize the ionic conductivity of the material and the performance of the lithium metal 

battery.43ï48 Improvement of mechanics is also cited as a reason to incorporate the particles. 

However, mechanical experiments are often underappreciated in these works. The mechanical 

experiments either apply deformation on the macroscale such as with tensile testing, or on the 

nanoscale such as with atomic force microscopy (AFM).19,24,38,40,41,49 While these deformation 

length scales do occur at the lithium metal interface, the relevant length scales of lithium dendrite 

protrusions that result in soft shorting are not captured in these experiments. 

In this work, inorganic particle type and concentration in a PVDF-HFP based hybrid 

composite separator (HCS) are examined in order to determine correlations between the elastic, 

plastic, and viscoelastic properties with electrochemical properties and cycling performance. 

Others have imaged deformation and volume changes of battery materials using operando 

techniques such as optical microscopy, AFM, and TEM.2,50ï52 However, these techniques require 

an extent of sample preparation or custom cell testing setups that introduce conditions that are 

unrepresentative of the physical boundaries of a pouch cell, likely affecting the mechanical 

response to sensitive electrochemical reactions such as lithium metal plating and stripping. 

Therefore, the following novel approach was developed. Operando X-ray micro-computed 

tomography (micro-CT) is coupled with digital image correlation (DIC, an optical deformation 

measurement technique) to determine the deformation of the separator due to lithium cycling in a 

commercially relevant pouch cell format. Digital image correlation is often applied to tensile 

specimen to accurately measure deformation (e.g. lithium metal creep); it has not been used to 
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track deformation of a battery separator in a commercially relevant format by means of micro-CT  

to the authorsô best knowledge.53ï56 These deformations are then applied to the separators in a 

nanoindentation experiment to investigate the stress response in this boundary condition, which is 

similar to that experienced by the separator in the cell. This study suggests both the mechanism of 

performance improvement via the presence of inorganic particles in PVDF-HFP as well as which 

mechanical properties are most important for dendrite-blocking within these hybrid materials. 

 

4.2 Experimental Methods 

4.2.1 Hybrid Composite Separator Film Preparation 

The HCS film casting method was augmented from that of Xu and coworkers to ensure 

homogeneous dispersion of the particles in the polymer matrix.44 A 0.65 g amount of PVDF-HFP 

(MW 455,000; Sigma Aldrich) was stirred in 1.0 g acetone under gentle heating until fully 

dissolved. At particular weight ratios to the polymer, inorganic particles including LiF (Alfa Aesar) 

and calcium fluoride (CaF2, Fisher Scientific), each having an average particle size of about 1 µm, 

were sonicated in a solvent mixture of ethanol and acetone for an hour. The polymer solution and 

particle dispersion were combined in a final solvent mixture of 1:19 ethanol/acetone by weight, 

vortexed, and sonicated for another hour. After an overnight stir under gentle heating, the slurry 

was doctor bladed onto a Teflon film in a dry room, letting the solvent evaporate in ambient 

conditions before a one-hour 80 ęC vacuum oven step to remove any water or remaining organic 

solvent. The final products were approximately 30 µm thick films. To achieve thicker films (about 

70 µm), a more concentrated PVDF-HFP dissolution was used. 
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4.2.2 Cell Fabrication and Testing 

The composite films were punched into 17 mm diameter circles and were soaked in ether 

based liquid electrolyte (1M LiTFSI in DOL:DME (1:1 v/v)) for four hours prior to cell build. The 

symmetric pouch cells used for both electrochemical analysis and micro-CT were comprised of 

two 100 µm thick standalone lithium metal foils (Albemarle) sandwiching the composite 

electrolyte. Imaging lithium metal with high resolution (0.7 µm/pixel) X-ray CT poses 

requirements such as sufficient (50 µm) gap between the lithium electrodes. Therefore, for the 

cells using the 30 µm thick HCSs, an additional glass microfiber (GE, 300 µm) was stacked with 

the composite film to form what this study refers to as ñCell A.ò Glass microfiber was selected for 

its low area-specific resistance. Otherwise, ñCell Bò is simply comprised of a single thick PVDF-

HFP based composite separator. Another lithium metal micro-CT requirement is to avoid having 

high density materials such as current collectors in the field of view. Therefore, a micro-CT cell 

architecture was designed with nickel ñwingò tabs that fold over and are pressed around the lithium 

electrodes that are extended out from the active area. A schematic describing the cell format and 

cell stacks used in this study can be found in Appendix B, Fig. B.1. 

 Pouch cell construction was carried out in a dry room with moisture levels near 20 ppm 

and temperature not exceeding 21 ęC. The soaked HCSs were dabbed to remove excess liquid 

electrolyte just before being placed in their final configuration in the cells. For Cell A stacks, 100 

µL of liquid electrolyte was added to infiltrate the glass microfiber. Cells rested for 12 hours before 

cycling was recorded with LANDt CT2001A (Landt Instruments, NY).  
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4.2.3 Micro-computed Tomography and Digital Image Correlation 

X-ray CT was performed at both Advanced Photon Source (Argonne National Laboratory, 

Chicago), beamline 2-BM and at Advanced Light Source (Lawrence Berkeley National Laboratory, 

Berkeley), beamline 8.3.2. Camera (sCMOS PCO edge camera) optics were set at 10x, resulting 

in 0.7 µm/pixel resolution. Depending on the beamline, 25-40 keV energy range was selected with 

40 ms (APS) and 200 ms (ALS) exposure times and 1500 back projections per 180-degree rotation 

scan. Cell cycling was paused each time X-ray CT was in progress, which took about 3 minutes at 

APS and 19 minutes at ALS for each scan. The reconstructions and phase retrieval were done 

using Gridrec Algorithm with open source TomoPy.57 Image stacks were postprocessed with 

Dragonfly version 2022.1.0.1259 (ORS Inc., Montreal) and ImageJ 1.53q.  

Digital image correlation (DIC) was selected as a convenient approach for determining the 

deformation of the HCS. DIC relies on a speckle pattern of high contrast which establishes smaller 

segments (facets) over an imaged surface that can be cross correlated across images taken while a 

specimen deforms. The inorganic particles have a higher density than PVDF-HFP, creating a 

strong contrast in intensity seen in the micro-CT images. Therefore, the HCS has an inherent 

speckle pattern fit for DIC. Among the image stacks from micro-CT, slices of interest were 

analyzed with DIC software, GOM Correlate 2018 Rev. 115656 (GOM, Braunschweig). 

 

4.2.4 Mechanical Characterization 

Nanoindentation was performed with iNano model SKYA-0288-0 (Nanomechanics, Inc.) 

with a diamond Berkovich tip (see Fig. B.2 in Appendix B for a schematic of the setup and 

protocol). The protocol contained loading, force-holding, and unloading steps in addition to a drift 
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rate measurement occurring at 40 percent of the maximum load. Dynamic excitation is used 

throughout to continuously determine the contact stiffness. The instrument can calculate sample 

modulus throughout the experiment using this approach, facilitating finding contact with the 

sample.58 The reduced modulus is calculated via the Oliver and Pharr method used on the 

unloading data no less than 90 percent of the maximum load during this step.59 Indentations were 

performed in a 3x3 grid with 50 µm of separation between measurement sites. Since 

nanoindentation is a force-controlled experiment, the force necessary to produce about the same 

order of magnitude of deformation in the film seen in operando micro-CT was applied at a rate of 

0.2 %/s and held for 60 s before unloading again at the same rate. Specifically, the force was 

increased until a load of 1 mN or a depth of 5 µm occurred. For the holding step, the force in the 

instrument was held constant for 60 seconds, where both load and depth could change. The raw 

data was analyzed to obtain the elastic recovery, E/P, and viscoelastic effects such as changes in 

load and depth during the hold. The elastic recovery was calculated as the percentage of depth that 

had been achieved at the end of the unloading out of the beginning of the unloading. The E/P was 

calculated as the ratio between the area under the unloading curve (elastic work) and the area 

between loading and unloading curves (plastic work).32 

All other mechanical experiments were carried out in tension mode with a Dynamic 

Mechanical Analysis (DMA) tool (DMA850, TA Instruments) in a dry room on films both swollen 

and unswollen with the liquid electrolyte used in the cell testing. Tensile specimens were prepared 

with a custom dogbone-shaped punch with a gage width of 3.18 mm. Strain ramps at 0.3 %/s were 

used to examine the overall mechanical behavior including Youngôs modulus and yield stress. 

Load-unload tests were also performed at this strain rate with a maximum of 20% nominal strain 

on the swollen HCSs (4% nominal strain for films in the dry state) to capture elastic recovery and 
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E/P. The wet films were strained more to capture the effect of chain entanglements that have been 

plasticized by liquid electrolyte. 

 

4.2.5 Material Characterization 

 The porosity p of the HCS was estimated as a weight fraction of the difference between 

expected volume and estimated volume of samples of known cross sectional area A, thickness t, 

and weight of the HCS W using the following equations (Eq. 4.2 and Eq. 4.3). 

ὴ Ϸ
  

ρππϷ      (4.2) 

 In Eq. 3, x is the particle weight fraction in the composite, and ɟHCS is the estimated density 

of the HCS, which is approximated with known polymer and particle densities, ɟPVDF-HFP and 

ɟparticle, respectively.  

”HCS = (1-x) ɟPVDF-HFP + x ɟparticle    (4.3) 

X-ray diffraction (XRD) was used to determine crystallinity of the HCS samples via a 

Malvern PANalytical Empyrean Diffractometer with a Mo k-Ŭ (ɚ = 0.70926 ¡) source while using 

a focusing mirror and XôCelerator Detector in transmission mode. 

 A Keyence VK-X series laser confocal microscope characterized the lithium metal surface 

roughness (Sa) of postmortem cells. To measure Sa values, the entire image of the lithium metal 

surface was selected and analyzed with Keyence MultiFileAnalyzer software. 
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4.3 Results and Discussion  

4.3.1 Galvanostatic Cycling 

To assess the baseline cycling performance of these HCS materials, 1 mA/cm2 was applied 

to Cell B format cells. The HCSs with and without LiF particles (50% LiF, 0% LiF) are compared 

in Figure 4.2, along with an HCS containing CaF2 particles (50% CaF2). The CaF2 particles 

possessed the same cubic morphology and particle size as the LiF particles (see SEM images in 

Appendix B, Fig. B.3); however, they led to clear differences in cell cycling. The cell with the 

50% LiF HCS outperformed the other two cells, showing the lowest overpotentials and flattest 

waveforms, which confirms prior results that more stable voltage waveforms are obtained with 

this specific formulation of PVDF-HFP and LiF particles as a thin coating on lithium metal.44 Both 

the 0% LiF and 50% CaF2 HCS cells exhibited a polarization increase throughout charge and 

discharge as well as large, unstable overpotentials across cycles. This can be due to a higher area 

specific resistance (ASR) as seen in the significantly greater polarization experienced at this 

current density, as well as mossier lithium with increased surface area and thus higher interfacial 

resistance. Similar performance improvement was observed with the 50% LiF HCS present in Cell 

A format cells cycled at a lower current density (0.1 mA/cm2) for a longer cycling time of about 

80 hours (see Appendix B, Fig. B.5).  
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Figure 4.2. Lithium metal symmetric cell cycling at 1 mA/cm2 and 1 mAh/cm2 in Cell B format, 

comparing 0% LiF, 50% LiF, and 50% CaF2 HCSs. The plot reports 10 cycles. 

 

To investigate the hypothesis that the better performance derives from more homogeneous 

lithium deposition in this system, the cells were torn down for postmortem image analysis. Figure 

4.3 contains top views of the surface of the lithium metal that was adjacent to the HCS along with 

topological height maps. The lithium in the cell containing the HCS without particles (0% LiF) 

deposited non-uniformly (80.7% areal coverage) in clusters whose heights reach almost 43 µm 

and whose surface roughness is 4.45 µm. The theoretical height of the lithium cycled in this cell 

was calculated to be 5 µm. The lithium in the cell with the HCS containing 50% LiF particles did 

not plate and strip in a fully dense morphology; however, it did plate over a larger area and was 

less mossy (98.9% areal coverage with 1.21 µm surface roughness). Surface roughness 

measurements were taken of several areas of the lithium surface that were adjacent to the HCS 

during the postmortem analysis of cells containing HCSs with and without LiF particles.  
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Figure 4.3. Postmortem top-down laser confocal imaging (top) and topography (bottom) of the 

lithium metal anodes in Cell B format interfaced with 50% LiF HCS (left) and 0% LiF HCS (right) 

cycled 10 times at 1 mA/cm2 and 1 mAh/cm2. 

 

The surface roughness values, Sa, are shown in Figure 4.4. The HCS containing 50% LiF 

yielded cycled lithium metal with a significantly lower roughness (3.2 ± 1.5 µm) than the cell with 

0% LiF (12.0 ± 5.2 µm). While the cycled lithium is not fully dense in these cells, the addition of 

LiF particles does increase the uniformity of the cycled lithium, which is seen in the cycling data 

and confirms the performance enhancement obtained with a similar material formulation in a prior 

report.44 Therefore, we focus on the HCS configuration of PVDF-HFP with 50% LiF to interrogate 

the mechanical property effects. 
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Figure 4.4. Surface roughness (Sa) analysis on the topography of postmortem lithium metal 

electrodes that have been cycled while interfacing cells containing 0% LiF and 50% LiF HCSs. 

The central red mark on each box indicates the median, and the bottom and top edges of the box 

indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data 

points not considered as outliers. 

 

4.3.2 Micro-computed Tomography 

Operando micro-CT was performed on a Cell A format cell with a 50% LiF HCS at 1 

mA/cm2 and 1 mAh/cm2 to both understand the nature of the plating and stripping during the first 

two cycles and to track the particles in the HCS in order to quantify the deformation caused by an 

inhomogeneity. A particular site of lithium protruding against the HCS on the anode side was 

selected and tracked amongst the micro-CT image stacks, labeled with a white bracket in Figure 

4.5. Supporting Video 1 (see online publication) shows the deformation of the HCS over time 

across two cycles with voltage information superimposed, highlighting the protrusion-of-interest 

as ñCycled Li.ò These cross-sectional images captured with cycling time contain the peak height 
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of the protrusion of interest. The width of the protrusion can be estimated from slices across the z-

direction. Both the width (in the y-direction) and protrusion height (in the x-direction) were 

quantified using DIC (see Fig. B.6 and further discussion in Appendix B). All dimensions of the 

lithium protrusion are also plotted in Supporting Video 1. The maximum size of the protrusion 

occurs at the end of the second (final) charge (when lithium has finished plating for the second 

time against the HCS) and has indented the HCS by 9 µm, with protrusion widths of 180 µm and 

246 µm.  

 

Figure 4.5. Micro-CT slices analyzed using DIC after 60 minutes (end of the first charge, left) and 

after 180 minutes (end of second charge, right) superimposed by the voltage profile (lower panels) 

with green points indicating when the cell was imaged. The HCS and its deformations are 
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highlighted in color, corresponding to the scale shown on the right. The cycled lithium protrusion 

of interest is indicated with a white bracket. Scale bar: 100 microns. 

 

Images of cross-sectional slices taken at the end of the first and second charges as analyzed 

by DIC are shown in Figure 4.5. A noticeable feature in comparing the first cycle to the second at 

the HCS-lithium interface is the improved uniformity across the viewable section of cycled lithium 

after the first cycle. This follows the theory that lithium always begins plating in islands but can 

begin to plate over the entire active area throughout more cycling if the conditions enable it, such 

as the application of sufficient stack pressure.3 In this case, the morphology of the protrusions that 

originally plate onto the anode are mossy; lighter regions are representative of lithium that is less 

dense than bulk lithium, and darker regions speckled throughout it are characteristic of pores. 

These protrusionsðincluding the protrusion of interest analyzed here (indicated with a white 

bracket in Fig. 4.5)ðtend to stay mossy, with a few exceptions of originally mossy regions 

densifying during the second charge. Since this lithium densification occurs without applied stack 

pressure, the mechanical properties of the HCS in these boundary conditions could be playing a 

role in the cycled lithium densification. Mechanical measurements were therefore carried out to 

investigate which material properties are most relevant in this particular dendrite-blocking scenario. 

 

4.3.3 Chemo-Mechanics 

A nanoindentation experiment was designed to represent the geometry of the lithium 

protrusion observed in the micro-CT images of the cell. A Berkovich tip was selected for the 

indenter due to its similarity to the geometry of the indentation of the HCS seen in the operando 
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cell, as well as its well-defined tip geometry and material property characterization. At an 

indentation depth of 5 µm, the width of the Berkovich indenter is roughly 35 µm.  

The raw nanoindentation data is shown in Figure 4.6a. A significant difference is evident 

between the 50% LiF and the 0% LiF films. The reduced modulus for the 50% LiF film (24 ± 8.9 

MPa) is much greater than the film without particles (8.6 ± 1.0 MPa). This results in the composite 

separatorôs ability to apply more stress against lithium protrusions. The degree of elasticity in the 

HCSs was defined with E/P values, which are plotted in Fig. 4.6b. Statistical significance was 

observed for the E/P difference across the two films, with more elastic behavior seen in the film 

without particles using a two-sample t-test with 95% confidence (see Table B.1).    

The viscoelastic behavior of the HCS is seen with the constant force step between the 

loading and unloading steps and is summarized in Fig. 4.6c,d. Both films are highly viscoelastic, 

which is also evident during the large, negative drifts that occur during the drift correction step. 

The pure PVDF-HFP film (0% LiF) stress relaxes more under a smaller load than what the 50% 

LiF film experienced at this indentation depth. In theory, the 0% LiF film would relax even more 

at higher loads if it cannot retain stress at smaller loads. Most of the deformation could be pore 

compression, which indicates a weaker material regarding stiffness and stress relaxation. On the 

other hand, the 50% LiF film experienced more creep while better maintaining its maximum load; 

in other words, less stress relaxation occurred in the 50% LiF film at a higher load. 

With these physical boundary conditions, the presence of uniformly distributed particles in 

the HCS helps to maintain the stiffness of the material against protruding lithium during cycling, 

while the PVDF-HFP component allows for flowability, which helps to maintain good contact 

between the separator and the changing topography of the lithium electrode. This could be the case 

observed in the operando micro-CT, where the dendrite does not protrude through the 50% LiF 
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HCS, and more areas of lithium around it receive denser plating during the second cycle. The film 

forms itself to the protrusion during the first cycle and maintains its stress, applying local pressure 

back on the protrusion with less stress relaxation during the time that lithium ions reduce in less-

stressed regions. Greater porosity in films without particles could cause premature failure driven 

by lithium metal dendrites due to the film heterogeneity, lack of flowability, and weakness in this 

boundary condition. 

 

 

Figure 4.6. Comparison of nanoindentation behaviors for 0% LiF and 50% LiF HCSs. (a) Raw 

nanoindentation load vs. depth data. (b) Calculated E/P values. (c) Percent decrease in load during 

nanoindentation force hold. (d) Percent increase of depth during nanoindentation force hold. 

Multiple traces and error bars correspond to measurements performed in nine places on each film. 
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Interestingly, the effect of the particles on bulk HCS mechanics measured in tension 

contrasts the relationships observed via nanoindentation. The bulk mechanical data from tensile 

testing of the dry HCS (Fig. B.7) describes elastic-plastic behavior characteristic of semi-

crystalline polymers. The electrolyte-swollen HCSs exhibit more viscoelastic-viscoplastic 

behavior, as their amorphous regimes become expanded with free volume allowing more chain 

motion. The Youngôs modulus and E/P values of 0% LiF, 25% LiF, 50% LiF, 75% LiF and 50% 

CaF2 HCSs (Figure 4.7), as well as yield strengths (Table B.2), were characterized within the load-

unload experiments. It is intriguing that the Youngôs modulus was observed to decrease with the 

presence of inorganic fillers in PVDF-HFP both swollen with liquid electrolyte and in the dry state, 

even taking into account the variable change in cross-sectional area due to porosity that formed 

during the film drying process. This result contrasts both the nanoindentation results and the idea 

that has been suggested in prior literature that inorganic fillers increase the mechanics of hybrid 

composite materials paired with lithium metal.44 The yield strength cannot be correlated with 

performance due to large error that resulted from its 0.2% strain offset estimation in this case. 

However, the E/P values obtained from the tensile experiments are shown to increase with the 

addition of LiF particles while the film is in both dry and swollen states ï another opposite 

relationship from the results seen in nanoindentation.  

The differences between the bulk mechanics and the nanoindentation behavior are likely 

attributable to the scale of the measurement and the load conditions. The tensile test is on the 

macroscale, focusing the measurement on particle-polymer adhesion and percent crystallinity in 

the polymer. While these are also relevant factors to consider during nanoindentation, and this 

technique puts some areas in contact with the probe in tension, it should be noted that a greater 

degree of compressive forces is present. The stiffness of the particles clearly impacts the 
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compressive behavior of the HCS more than it does in the tensile tests. Specifically, the probe 

likely experiences more force from the higher stiffness of the LiF particles in nanoindentation than 

it experiences in the tensile tests, where the deformation mainly occurs in the polymer phase. 

Furthermore, the detrimental effect that film porosity has on mechanics is heightened when the 

scale of the nanoindentation measurement is on the same order of magnitude as the pores. 

 

 

Figure 4.7. Tensile mechanical properties of HCSs in the swollen state, including Youngôs 

modulus and E/P values. 

 

Various physical properties were characterized to inform the mechanism for superior 

performance in this hybrid system and the associated mechanical behaviors that are most 

significantly responsible for blocking dendrites. These properties, measured within the same films, 

are highlighted in Figure 4.8. Consistent with prior literature, the inorganic particles decrease the 

crystallinity of the PVDF-HFP.47,60ï62 Interestingly, for the same particle morphology and 50% 

loading, the difference in chemical makeup between LiF and CaF2 results in different crystallinity 
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and porosity in the PVDF-HFP. The HCS with 50% CaF2 may have a more repulsive interaction 

between the particle and polymer phases, resulting in more pores as well as higher polymer 

crystallinity due to lack of polymer-particle interfaces. 

The presence of inorganic particles affects the bulk mechanics of the polymer phase, which 

can be seen when measuring the E/P values of the HCSs in tension. It has been found that the onset 

of plastic deformation in semi-crystalline polymers is the reorientation and stretching of lamellae.63 

On the other hand, amorphous regions could have chain entanglements that exhibit more elastic 

behavior. As seen in Fig. 4.7, the addition of particles significantly increases E/P, though across 

HCSs filled with particles, there is not a clear distinction of the E/P property; the macroscale 

mechanics are governed by the crystalline versus amorphous regions in the polymer phase and 

influenced by particle-polymer interfaces. While crystalline regions of the films are closely packed 

and block ion transport, porosity allows more liquid electrolyte uptake (see Fig. B.9) and faster 

dissociated ion transport in the pores. However, pores ï especially when directly adjacent to 

lithium metal ï deliver faster ion transport than that through the solid phase, which unevenly plates 

and strips dendrites. This type of defect can encourage lithium ion diffusing ñhot spotsò where 

lithium plates at a different rate and morphology in specific locations at the length scale of the 

pores in the HCS, owing to the rougher morphology in the cycled lithium metal seen in Fig. 4.3 

and Fig. 4.4. Pores also provide no mechanical resistance to dendrite growth which means less 

stress is applied against lithium metal that has cycled unevenly due to the heterogeneity of the 

porous system. The higher stress relaxation and lower stiffness in the 0% LiF HCS may be due to 

the greater porosity seen in the 0% LiF film (Fig. 4.8b). 
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Figure 4.8. (a) SEM images of cross-sections of various HCSs (left to right: 0% LiF, 50% LiF, 

75% LiF, and 50% CaF2) showing uniformity of porosity and particles. Pores and particle 

agglomerations in HCS cross-sections are distinguished in Fig. B.4. (b) Percent crystallinity 

obtained via XRD and porosity estimated by weight of 0% LiF, 25% LiF, 50% LiF, 75% LiF, and 

50% CaF2 HCSs. (c) SEM images of top surfaces of of 0% LiF (left) and 50% LiF (right) HCS 

films, illustrating porosity differences. Scale bars: 10 microns. 

 

The explanation for improved lithium metal cycling performance in the HCS is reliant on 

the amorphous regions in the polymer as well as a uniform spatial distribution of particles. Porosity 

also plays a role, affecting crystallinity and local mechanical homogeneity as well as stiffness and 

viscoelasticity. A few ionic conductivity mechanisms for this type of hybrid system have been 

proposed in the literature: segmental motion allowing for lithium to move along coordination sites 

in the amorphous regimes in the polymer, ion shuttle regions within the polymer-particle interface, 
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and diffusion through vacancies in the inorganic particles.39,64,65 This study is consistent with the 

dominating mechanism being segmental motion in the amorphous PVDF-HFP, which can be 

achieved by well-dispersed particles at an optimal concentration that deters crystallinity yet does 

not lead to particle agglomeration or add porosity. In the HCSs with 75% LiF and 50% CaF2, 

agglomerations were seen in the SEM cross-sections (Fig. 4.8a), leading to local heterogeneities 

in the film and in the lithium cycling. The SEM cross-section of the 50% LiF film shows that 

particles were well dispersed, effectively reducing the crystallinity and increasing homogeneity by 

maximizing particle-polymer interfaces and minimizing porosity (especially at the film surface 

shown in Fig. 4.8c, right panel) due to favorable interaction with the PVDF-HFP. Assuming that 

these physical mechanisms relevant for blocking and preventing lithium metal dendrites remain 

unchanged for smaller-sized LiF particles, it is possible that using well dispersed LiF nanoparticles 

in the polymer matrix could further improve the spatially uniformity of lithium metal cycling. The 

larger surface area-to-volume ratio of nanoparticles may create an HCS having a greater proportion 

of amorphous polymer phase. 

Finally, the present findings related to the micro- versus macroscale mechanics of hybrid 

composite separators may also be relevant to certain behaviors at the electrode/cathode interface. 

However, it should be emphasized that the primary failure mode for lithium metal is heterogeneous 

plating and stripping morphologies on the microscale, which lead to large local stresses and 

therefore demand greater stiffness at these high-stress locations. Future work may investigate 

whether elasticity (E/P) or elastic stiffness (Youngôs modulus) is more important for separators 

undergoing macroscale deformations due to aerogenesis. 
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4.4 Conclusions 

The interplay across physicochemical properties of particle-in-PVDF-HFP hybrid 

composite separators were investigated to inform the importance of particle identity and 

concentration on improving lithium metal cycling performance. Furthermore, a novel approach to 

simulating physical deformations occurring in a battery separator due to lithium dendrite growth 

and measuring the corresponding mechanical behavior was employed using a combination of 

micro-computed tomography, digital image correlation, and nanoindentation. Notable differences 

were observed between bulk tensile mechanical experiments (frequently executed and reported) 

and nanoindentation measurements (more representative of the conditions the separator 

experiences in a cell). The nanoindentation and micro-CT results suggest that inorganic-organic 

separator stiffness, flowability, and resistance to stress relaxation play a role in blocking dendrites, 

while separator uniformity is critical for preventing the growth of dendrites. 
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Chapter 5: Hybrid Particle Brush Coatings with Tailored 

Design for Enhanced Dendrite Prevention and Cycle Life 

in Lithium Metal Batteries  

 

 

 

5.1 Introduction 

As demand increases for better battery performance, it is crucial to move beyond the 

current generation of lithium-ion battery materials, i.e. transition-metal-oxide cathodes paired with 

graphite anodes. As these cells have almost reached their limit in terms of energy density and rate 

capability, fully replacing the graphite anode with lithium metal is a promising solution due to its 

high energy density, high theoretical capacity (3860 mAh g-1, 2046 mAh L-1), and low 

electrochemical potential. At the cell level, estimates from commercial cells show that lithium 

metal paired with high nickel content cathodes and liquid electrolytes can deliver roughly twice 

the gravimetric and volumetric energy densities as graphite/lithium iron phosphate cells and twice 

the gravimetric energy density of silicon-graphite paired with lithium nickel cobalt aluminum 

oxide.1 However, the instabilities that arise from uneven plating and stripping at the lithium metal 

interface prevent lithium metal cells from achieving competitive cycle life for several applications 

such as transportation (electric vehicles, electric vertical takeoff and landing, etc.). In one failure 

mode, lithium plates in preferential ñhot spotsò and strips away from other areas, resulting in mossy 

morphologies known as dendrites that degrade cell performance with partially conductive 

pathways between electrodes (soft shorts). Researchers are exploring how to mitigate this early 

onset failure mode by controlling the nucleation and deposition mechanism as well as by 
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mechanically blocking the protrusion and propagation of dendrites.2,3 This is sought to be achieved 

by the addition of engineered materials that physicochemically stabilize the lithium metal anode.  

One option is to replace the liquid electrolyte with a solid-state electrolyte having superior 

mechanical toughness. However, this requires hundreds of megapascals of stack pressure in order 

to maintain contact at the electrolyte-anode interface, sacrificing pack-level energy density and 

welcoming another failure mode involving lithium filaments plating into and propagating through 

cracks in the electrolyte.4ï6 On the other hand, interfacing lithium metal with liquids or plasticized 

polymers is considered to inadequately block dendrites due to poor mechanics.7 Ionic transport 

through polymers relies on segmental chain motion and hopping across coordination sites.8 This 

is conditional on the polymer being free of crystallinity, as crystalline domains do not participate 

in these ionic transport mechanisms. Combining ceramic and polymeric materials into a composite 

electrolyte is thought to reap the benefits of both materials, as ceramics have the mechanical 

properties necessary to push back against lithium protrusions, while plasticized polymer 

viscoelasticity helps to maintain contact with interfacing components.9 It was found that in the 

dendrite boundary condition of particle-polymer composite separators, sufficient stiffness to push 

back against lithium metal dendrites as well as flowability around these protrusions correlated with 

the most stable cycling.10 Another finding was that homogeneity of the dispersion of particles in 

the polymer is necessary to prevent severe mossy lithium.10 Even in plain liquid or solid-state 

electrolyte systems, agglomeration of ions or defects in the ceramic are segues to cell failure by 

means of lithium plating and stripping ñhot spots.ò Thus, homogeneity is a critical prerequisite that 

can also be assumed for hybrid coating designs. 

 While dispersing ceramic particles within a polymer can deter its crystallinity, particle 

agglomerations, inhomogeneity at the lithium metal interface, and ceramic-polymer 
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incompatibility are challenges.10,11 It was found that the portion of amorphous polymer is 

responsible for ionic transport in hybrid composite separators.10,12,13 The separators with larger 

amorphous polymer fractions had good interfacial compatibility with the particles and maximal 

interfacial area across those domains owing to fewer agglomerations.10 One composite 

nanostructure in particular has the potential to completely avoid polymer crystallinity, particle 

agglomerations, and interface heterogeneity.14 This is comprised of polymer chains covalently 

attached, or grafted, onto/from nanoparticles. These ñparticle brushesò have been studied 

previously in the battery literature with linear polymer chains as well as polymers bearing side 

groups.15ï24 In one approach, 5 kg mol-1 polyethylene oxide (PEO) was functionalized with a silane 

group and condensed onto silica nanoparticles.25,26 Plasticized with lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) salt, it improved capacity retention of lithium metal 

cells cycled at 0.2 mA cm-2.26 As for mechanics, it was found that interparticle interactions resulted 

in caging, where friction between particles has a yielding effect per applied stress.24,27 Interparticle 

interactions were found to be tunable by adjusting the architecture of the particle brushes. However, 

it was proposed that if the grafting density is high enough to discourage mechanical interactions, 

the ionic conductivity is improved and results in a superior electrolyte.28,29 Another study used 

surface-initiated atom transfer radical polymerization (SI-ATRP) to attach polyacrylonitrile to 

yttria-stabilized zirconia nanoparticles, which demonstrated improved capacity retention as a 

lithium metal coating when the cell was cycled at a 1C rate over 50 cycles with an ether based 

liquid electrolyte.22 The advantages of SI-ATRP include but are not limited to high precision 

control over grafting density of the particle brush, as well as the molecular weight and 

polydispersity of the polymer.30ï36  
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While the discussed studies show promising lithium metal results, extended cycle life has 

mainly been reported for low current densities, and the impact of the architecture of the particle 

brush systems on dendrite prevention and overall failure mechanism is often overlooked. This 

study aims to address the importance of structure-property relationships in a ceramic-polymer 

nanostructured, agglomeration-controlled lithium metal coating in a liquid electrolyte system. 

Deviating from the single-PEO chain, a poly(methyl methacrylate)-poly(ethylene glycol) methyl 

ether methacrylate (PMMA-PEGMA) ñbrush-on-brushò polymer architecture is grafted onto silica 

nanoparticles. In a polymer-salt system, PMMA-PEGMA bottlebrushes yielded ionic 

conductivities ten times higher than the linear PEO system.37 Another study crosslinked PEGMA-

grafted porous nanoparticles as a lithium metal coating to improve performance.38 In our system, 

the PEGMA side chains are roughly nine units in length which is below the polymerôs 

entanglement limit.39 This means that the PEO portions of these brushes are long enough to 

coordinate lithium ions and do not have too much length where mobility is constrained. We 

investigate the influence of grafting density and molecular weight (resultingly, inorganic content) 

on pouch cell-relevant mechanical properties, ionic conductivity, cycle life, and cycled lithium 

morphology as characterized by X-ray micro-computed tomography (micro-CT). A significant 

improvement in lithium metal cycle life owing to densified lithium plating and stripping is 

obtained via specific particle brush architectures. A mechanism for this performance improvement 

seen in the studied system and whether it relies more heavily on chemical or mechanical effects is 

suggested. Lastly, the observed failure mechanism for lithium metal cells with particle brush 

coatings is discussed. 

5.2 Experimental 

5.2.1 Particle Brush Synthesis and Characterization 
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 Surface-initiated atom transfer radical polymerization (SI-ATRP), specifically using the 

activators regenerated by electron transfer (ARGET) approach, covalently grafted the 

poly(PEGMA500) (structure in Fig. 5.1) from 15.8 nm diameter silica nanoparticles (Nissan 

Chemical).40 This approach enables low concentrations of the copper catalyst as well as tolerates 

limited oxygen exposure.14,41,42 The particles were first modified with bromide (Br) end groups 

similarly as performed in prior work.43,44 The polymerization was performed with copper(II) 

bromide catalyst (CuIIBr2, 99.9%, Aldrich), ligand tris[2-(dimethylamino)ethyl]amine (Me6TREN, 

99%, Alfa), and reducing agent tin(II) 2-ethylhexanoate (Sn(Oct)2, 95%, Aldrich) with the 

PEGMA500 monomers (Aldrich) initiating from the surface-modified particles. The resulting 

particle brushes were purified and dispersed in tetrahydrofuran (THF, 99.5%, Aldrich) via dialysis. 

Molecular sieves (3 Å, Aldrich) were added to remove residual water in the particle brush solution 

in THF. Water content was confirmed to be negligible with Karl Fischer titration. 

 Molecular weight and inorganic content were directly measured with gel permeation 

chromatography (GPC) and thermogravimetric analysis (TGA) respectively. Prior to GPC, the 

synthesized particle brushes were left in a 48% hydrofluoric acid (HF, 99.99%, Aldrich) solution 

overnight to completely etch away the silica nanoparticles. GPC was run with Perfect Separations 

System (PSS) equipment with an Agilent 1260 Infinity II isocratic pump and a PSS SLD2020 

multi-angle light scattering (MALS) refractive detector using PSS GRAM analytical columns on 

the remaining polymer with N,N-dimethylformamide (DMF, 99.9%, Acros) containing 0.05 M 

LiBr as the eluent and linear PMMA standards for calibration. The reported molecular weights 

(Mn) are adjusted with the Mark-Houwink calibration to this particular eluent.45 
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Figure 5.1. Schematic illustration of particle brush systems with varying grafting densities but 

similar molecular weights of tethered brush layers. Red spheres represent silica, and turquoise 

hairs represent the polymer domain. Grafting densities span (a) low, (b) intermediate, and (c) high 

values. Inset to panel (a) shows the grafted polymer repeat unit structure. 

 

 Post-polymerization, TGA samples were prepared by evaporating THF until the solution 

became a soft solid. A TA Instruments TGA 550 using air atmosphere was used to quantify the 

inorganic content of the particle brushes, finorg, which then enabled the calculation of grafting 

density, GD, given Avogadroôs number NA, the silica density ɟ (2.2 g cm-3) and diameter d (15.8 

nm) of the bare nanoparticles (see Eq. 5.1). The procedure is the following: (1) ramp at 20 °C/min 

to 120 °C; (2) hold at 120 °C for 10 min; (3) high-resolution ramp at 20 °C/min to 800 °C; (4) hold 

at 800 °C for five minutes. The inorganic content was calculated after exclusion of residual solvent. 

. 
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      (5.1) 

 

The electrolyte uptake by the polymer phase in the particle brushes was measured by 

weight then converted to volume given the density of silica nanoparticles and inorganic content of 

particle brushes. Mass measurements were taken of the solid particle brushes before and after a 

small volume of electrolyte (1M LiTFSI in 1,3-dioxolane (DOL) and dimethoxyethane (DME) at 

a ratio of 1:1 v/v + 1 wt% LiNO3) was added to allow for swelling while excess liquid was removed. 

 Bulk mechanics were measured with a Dynamic Mechanical Analysis instrument (DMA) 

(DMA850, TA Instruments). A compression experiment was designed to mimic the mechanical 

conditions of vacuum sealing a pouch cell (ramping the stress to 0.03 MPa and holding at this 

stack pressure for 20 minutes.) The pressure of 0.03 MPa was selected, as 0.1 MPa (hydrostatic 

pressure in a pouch cell) required a force outside the limits of the DMA. Samples consisted of drop 

cast particle brush coatings on 20 µm lithium plated on copper foil (Honjo). Stiffness and creep 

rate were measured in the dry state and as swollen with electrolyte (1M LiTFSI in DOL:DME (1:1 

v/v) + 1 wt% LiNO3). The stiffness was estimated as the 0.03 MPa divided by the final resulting 

compressive strain at the end of the stress ramp step. A bare lithium foil sample was also measured 

with this technique to differentiate the thickness of the coating. 

 

5.2.2 Electrochemical Performance 

The following was carried out in a dry room with moisture and temperature controlled at 20 ppm 

and 21 ęC. The suspended particle brushes were mixed with LiTFSI at a weight ratio of 
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LiTFSI:PEGMA of 50 percent. The solution was drop cast onto freestanding lithium foils 

(Albemarle, about 180 µm thick) which had been calender rolled between pouch cell material and 

cut into electrodes. The remaining THF in the drop cast coatings was left to evaporate with gentle 

heating on a hot plate for an hour. The cell design was adapted from our previous work which 

enabled high quality micro-computed tomograms of lithium metal batteries.10 In this case, two 17 

mm diameter Celgard 3501 separators (Celgard) were sandwiched by electrodes which achieved 

the minimum electrode separation requirement (50 µm) for optimal micro-CT resolution of lithium 

metal in its various morphologies. For symmetric lithium metal cells, a 14 mm diameter active 

area was used. Before pouch cell sealing, 70 µL of 1M LiTFSI in DOL:DME (1:1 v/v) + 1 wt% 

LiNO3 was injected. Cells were at rest for 12 hours before cycling with LANDt CT2001A (Landt 

Instruments) or Neware CT-4008T 5V20mA (Neware) battery testing equipment at 1 mA cm-2 and 

1 mAh cm-2 at 25 ęC. Cells rested for 30 minutes after each charge and discharge. Excess stack 

pressure was not applied. 

 To perform temperature dependent ionic conductivity experiments, coin-in-pouch cells 

were constructed in the dry room. The same thicknesses of the coatings studied in the pouch cell 

batteries were drop cast onto stainless steel electrodes which also sandwiched a Celgard 3501 

separator. A 50 µL amount of the same ether based liquid electrolyte that was used in cycling was 

injected before sealing a pouch around the stackup. Electrochemical impedance spectroscopy 

(EIS) was used to measure resistance at 0, 20, 40, 60, 80, and 90 ęC with an environmental chamber 

that allotted for temperature equilibration with a thermocouple that also measured temperature 

throughout the experiment. 
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5.2.3 Micro-computed Tomography 

 X-ray CT was carried out at the Advanced Light Source (Lawrence Berkeley National 

Laboratory, Berkeley) beamline 8.3.2. Camera optics were set at 10x magnification, resulting in 

0.7 µm/pixel image resolution. An energy of 25 keV was selected with 200 ms exposure times and 

1300 back projections were collected per 180-degree scan. The reconstructions and phase retrieval 

were done using Gridrec Algorithm with open source Tomopy.46 Image stacks were processed and 

visualized with ImageJ 1.53q and segmented with Dragonfly version 2022.1.0.1259 (ORS Inc.).  

 

5.3 Results and Discussion 

5.3.1 Particle Brush Characterization 

Particle brushes are classified by the length of the polymer chains (molecular weight, Mn) 

and the density of polymer chains attached to the nanoparticle surface (grafting density, GD). The 

TGA and GPC traces from Mn40-GD0.46 (molecular weight = 40 kg mol-1, grafting density = 0.46 

nm-2) particle brushes are shown in Fig. C.1(a and b), respectively. The molecular weight, grafting 

density, inorganic content, and polydispersity of all studied polymer brushes are summarized by 

Table C.1. 

 On a microstructural level, the homogeneity of the as-drop cast coatings is found to be 

improved by the covalent attachment of the polymers onto the nanoparticles. In comparison, when 

bare silica nanoparticles are blended with free polymer chains, crystalline agglomerations 

characteristic of PEO are present in tapping mode AFM (see Fig. C.2c). The coating with the same 

polymer concentration and molecular weight grafted from nanoparticles displays a homogeneous 

dispersion of particle brushes, seen in Fig. C.2b. This ensures that the particle brush coating would 
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not promote dendrites due to local variations of current density resulting from heterogeneity at this 

length scale. 

 Controlling the thickness of the particle brush layer is a challenge, as the coating swells 

differently depending on particle brush architecture and layer packing. As drop cast, an ion milled 

cross section of the particle brushes on lithium is around 300 nm thick (see Fig. C.3). The same 

volume of drop cast particles along with LiTFSI added in 50 percent of PEGMA500 by weight 

expands the thickness by an order of magnitude. A similar effect occurs when introducing liquid 

electrolyte to the coating in the battery, which is further discussed below. Therefore, the swollen 

particle brush coating thickness could not be accurately controlled in this study and is measured 

for each coating in the swollen state (see Fig. C.4). 

 

5.3.2 Extended Cycling 

Symmetric galvanostatic cycling performance was evaluated for cells with both lithium 

metal electrodes coated with several variations of particle brushes. The raw cycling data shown in 

Fig. 5.2a highlights the difference in cycling behavior between the cell with bare lithium electrodes 

and the cell with the particle brush coating Mn40-GD0.46. The overpotentials seen in the 

waveforms of the coated lithium cell are lower than that of the bare lithium cell. The bare lithium 

cell also demonstrates asymmetry in its overpotentials until 400 hours, when the negative 

overpotentials experience a significant drop in absolute value followed by a gradual increase in 

absolute overpotential. This type of asymmetric and unstable behavior from bare lithium is 

characteristic of dendrite formation and uneven solid electrolyte interphase (SEI) growth. On the 

contrary, the cell behavior of Mn40-GD0.46 throughout the cycles plotted in Fig. 5.2a shows 
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insignificant deviations in overpotential. The resulting failure of this cell is shown in Fig. C.5f; it 

is not a result of soft shorting due to dendrites but rather depletion of the lithium reservoir.47 

 Cell failure is analyzed for each coating tested with extended symmetric lithium metal 

cycling at 1 mA cm-2 and 1 mAh cm-2. Performance is evaluated with ñcycles to failure,ò which is 

defined as the cycle at which one of the following occurs: (1) a polarization of 0.6 V (ñhard shortò 

if sudden, red data in Fig. C.5f; depletion of electrolyte and/or lithium reservoir if gradual), (2) a 

drop followed by a gradual increase in overpotential (ñsoft shortò; black, blue, and green data in 

Fig. C.5f), or (3) a significant drop in overpotential followed by flat, square-like potential 

waveforms; the latter two represent ñsoft short.ò47,48 It is important to note that although a few 

different types of failure modes are classified here, the failure mechanism of the symmetric lithium 

cells is often a combination of multiple above-mentioned scenarios.48,49 Figure 5.2b contains these 

results in a 3D bar graph which compares the cycle life to particle brush architecture (Mn, GD). 

Bare lithium performance is also on this plot, located at the x-y origin. It can be noted that while 

some particle brushes significantly outperform bare lithiumðespecially Mn40-GD0.46ðother 

coatings worsen lithium metal cycle life. The longest cycle life observed for the bare lithium cells 

was 95 cycles, while the longest of the coated cells was 320 cycles. The important particle brush 

architecture variable which exhibits a trend with lithium metal cycle life is grafting density; a 2D 

plot highlighting this relationship is in Fig. 5.2c. Plots comparing molecular weight and inorganic 

content show no obvious trends (see Fig. C.6, Appendix C).  
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Figure 5.2. Symmetric lithium cycling at 1 mA/cm2 and 1 mAh/cm2 in CT-ready pouch cells. (a) 

Voltage vs. time data comparing uncoated (bare) lithium cells to cells with Mn40-GD0.46 coating 

on both lithium electrodes. The plot shows 246 cycles. (b) Cycle life is compared for varying Mn 

and GD within different coatings. Cycle at cell failure is defined as the cycle at which a polarization 

of ± 0.6 V or abrupt decrease in absolute potential characteristic of a soft short. The bare lithium 

system is plotted at Mn and GD values of zero. (c) Cycles to failure plotted versus grafting density. 

Error bars denote sample standard deviations in panels (b) and (c). 
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 Ex-situ synchrotron X-ray tomography can be used to verify the mechanism by which 

lithium metal cycle life is extended using the best particle brush coatings. Imaging lithium metal 

cells with X-ray computed tomography poses challenges, as lithiumôs low atomic number results 

in low X-ray attenuation, especially when imaged alongside denser materials.50ï53 As seen in the 

cell cross sectional image slices in Fig. 5.3a-d, the cell configuration used in this study produces 

scans with clear and reproducible representations of lithium metal structures including porosity 

(dark voxels) and pits (brighter voxels making up hemispheres). Qualitatively, lithium metal with 

mossy morphology is captured most prominently in Fig. 5.3a-b, where the bare lithium symmetric 

cell has endured one charge-discharge cycle (Fig. 5.3a) and 20 cycles (Fig. 5.3b). Notably, after a 

single cycle, mossy lithium that has been plated during the first charge does not strip away during 

the first discharge, beginning the accumulation of mossy lithium whose progression is evident after 

20 cycles. Contrastingly, with particular particle brush coatings (Mn40-GD0.33 and Mn40-

GD0.46) which improved cycle life in these cells, less mossy lithium is observed following the 

initial cycles (see Fig. 5.3c-d). This effect is also present in later cycles (see Fig. C.5a,c). 

Throughout the X-ray CT scan of the cell with Mn40-GD0.33 having cycled once, lithium 

morphology was not distinguishable from the bulk lithium electrodes, meaning that lithium has 

plated densely, without pores. The lithium/coating interface is also smooth without evidence of 

pitting during stripping on either electrode. Comparing Fig. 5.3a with Fig. 5.3c demonstrates how 

severe a disadvantage the uncoated lithium metal is already at after just a single charge and 

discharge of the battery.  
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Figure 5.3. (a-d) Ex-situ X-ray tomography cross sectional slices of lithium symmetric cells cycled 

at 1 mA/cm2 and 1 mAh/cm2. (a) Bare lithium cell post 1 cycle. Examples of mossy (dendritic) 

lithium and areas where bulk lithium has been consumed (stripped and not replaced) labeled with 

arrows. Bulk of lithium electrodes and Celgard separators labeled with brackets. (b) Bare lithium 

cell post 20 cycles. (c) Cell with Mn40-GD0.33 coating on both electrodes post 1 cycle. Coating 

labeled with white brackets. Black dotted lines distinguish separator/coating interfaces. (d) Cell 

with Mn40-GD0.46 coating on both electrodes post 20 cycles. Coating labeled with white brackets. 

Black dotted lines distinguish separator/coating interfaces. (e) Image segmentation data plotted 

over cycles 1, 5, and 20 comparing bare lithium cell to cells with Mn40-GD0.33 and Mn40-GD0.46 

coatings. Volume of mossy lithium divided by total slices segmented in CT scan (top), volume of 

bulk lithium consumed divided by total slices segmented in CT scan (bottom). Scale bars: 100 µm. 



120 

 

The cell with the coating which achieved the longest cycle life in symmetric lithium cells 

(Mn40-GD0.46) was imaged after 20 cycles, and a representative view of the corresponding cycled 

lithium morphology is shown in Fig. 5.3d. Some islands of mossy morphology have been left 

behind, and pitting is also noticeable at this stage. While these features are visually less prominent 

than in the bare lithium image, the X-ray CT scans are evaluated with segmentation to quantify 

the extent of the mossy lithium and pitting. The scans shown in Fig. 5.3a-d as well as cells cycled 

five times and the Mn40-GD0.33 cell after 20 cycles were segmented for volume of mossy lithium 

(voxels containing void space as well as brighter voxels surrounding these voids, denoted as 

ñMossy Liò in Fig. 5.3a) as well as volume of bulk lithium consumed. In the scans with the least 

amount of mossy lithium, segmentation of bulk lithium consumed was performed easily by 

establishing the original boundary of the active lithium metal electrode area which maintained its 

visibility due to the island like nature of lithium deposition and stripping at this stage. In the scans 

where the original lithium metal electrode boundary is entirely consumed, it is estimated under the 

assumption that its starting thickness is the same as observed in other cells and what was measured 

with a drop gauge (180 µm). Figure 5.3e Figure 3e displays plots summarizing the segmentation 

data that confirm what is seen in the single slices shown in Fig. 5.3a-d; lithium metal cells that are 

coated with either Mn40-GD0.33 or Mn40-GD0.46 contain less mossy lithium, and less of the bulk 

lithium electrodes are consumed. The X-ray CT slices illustrating the cross sections of the bare 

lithium cell as well as the Mn40-GD0.33 cell after five cycles can be found in Fig. C.7.  

Furthermore, the bare lithium cell and the Mn40-GD0.46 cell were scanned postmortem. 

In panels (a) and (c) of Fig. C.5, it can be seen that even at the failure point (which occurred due 

to soft shorting at a much earlier stage), the uncoated lithium system accrued a much more 

expansive volume of mossy lithium. However, in both uncoated and coated systems, the lithium 
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reservoir is depleted at failure. The corresponding cycling data in Fig. C.5f supports that the 

coating that promotes the longest cycle life in the studied sample set shifts the failure mode of the 

lithium metal away from the combination of ongoing soft shorting due to abundant mossy 

structures and liquid electrolyte consumption. As the volume of mossy lithium is always less in 

the coated cell, and the bulk lithium is being consumed at a slower rate, upon depletion of the 

lithium reservoir, less liquid electrolyte has been consumed, which results in the sudden 

polarization at the end of cell life rather than the gradual increase of the polarization seen in the 

bare lithium data.47 This slowing-down failure effect is studied for the Mn40-GD0.33 coating in 

symmetric lithium cells with a carbonate-based liquid electrolyte (Fig. C.8) as well as in lithium 

vs. lithium titanate (LTO) half cells (Fig. C.9) with slight differences in each separate system. 

Notably, the failure mode of the half cells (cycled at C/4, 3.1 mAh cm-2) without the coating always 

involved a significant dendrite resulting in increasing charge capacity and therefore a sudden drop 

in Coulombic efficiency.54 The coated lithium electrode cells never displayed such protrusions in 

the X-ray CT scans or in cycling data. 

The particle brush coating was challenged further by being paired with a carbonate-based 

liquid electrolyte in lithium symmetric cells cycled in the same conditions as the symmetric cells 

with ether-based electrolyte. Carbonates are known to passivate the lithium surface less 

preferentially from ethers, stressing the system sooner during cycling.55 The X-ray CT scans of the 

cells with carbonate electrolyte (example in Fig. C.8b) show less conversion of bulk lithium into 

mossy lithium in coated systems compared to the uncoated cells. 

Further supporting the mechanism of cycle life improvement via cycled lithium 

densification in coated lithium cells, digital images of cell tear downs (Fig. C.10) show the 

differences in coated versus uncoated systems across cycles. Looking top-down on the lithium 
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electrodes as well as the separators removed from the cells, the shade of the cycled lithium is 

lighter gray and shinier for the coated electrodes, while the bare lithium electrodes all are black 

and heterogeneous. Furthermore, the imaged separators removed from the bare lithium cells are 

covered with embedded dendrites which have broken off easily from the weak and brittle mossy 

structure of the cycled lithium. On the other hand, this happens to the separators present in the 

coated lithium cells to a much lesser extent. 

 

5.3.3 Physicochemical Properties 

As different designs of the studied particle brush coatings were observed to either improve 

or worsen the lithium metal cycle life while also varying the corresponding cycled lithium 

morphology (Fig. C.5), understanding the mechanism by which this occurs is crucial for 

optimizing lithium metal coating design. To this end, correlations are sought across particle brush 

design values and measured coating properties that support the hypothesis that dendrites can be 

either mitigated through the prevention of their formation or by mechanically blocking their 

propagation. Four of the synthesized particle brush systems were characterized in detail; three of 

these had similar polymer molecular weights while spanning three different grafting densities and 

extended cycling performances (Mn40-GD0.33, Mn40-GD0.46, and Mn43-GD0.57), and one had 

a much larger polymer molecular weight than the others (Mn329-GD0.21).  

These four different particle brush architectures span four different inorganic content 

values, which are summarized in Fig. 5.4a The amount of liquid electrolyte uptake by the polymer 

phase of the particle brush coatings is also indicated in this plot. The data show the expected 
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relationship that the more polymer present in the coating (i.e. lower inorganic content), the more 

swollen the polymer phase will become when introduced to the ether-based electrolyte. 

 

 

Figure 5.4. Physical properties of Mn40-GD0.33, Mn40-GD0.46, Mn43-GD0.57, and Mn329-

GD0.21 coatings. (a) Electrolyte uptake of polymer phase by volume (left axis); inorganic content 

by weight (right axis). (b) Swollen modulus measured with DMA (left axis); inorganic content by 

weight (right axis). 

 

It is expected that, in general, swollen particle-polymer composites with higher inorganic 

content and less electrolyte uptake exhibit larger stiffness. The results from the DMA tests on 

particle brushes, however, do not show a correlation. The particle brush systems swollen with 

liquid electrolyte underwent compression at rates similar to those experienced by the battery stack 
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up during pouch cell construction; the resulting estimated stiffnesses are plotted in Fig. 5.4b. 

Inorganic content is also plotted on the right axis, unveiling a lack of relationship with mechanics. 

The particle brushes which improved the baseline lithium metal performance all demonstrate much 

lower stiffness (30-80 kPa) than lithium metal itself and other researched coatings whose modulus 

is cited as a dendrite suppressing trait (~GPa).56ï58 Even when the particle brushes are in the dry 

state (no liquid electrolyte present), the modulus measured with DMA does not exceed 200 kPa 

(Fig. C.11b), and the Sneddon modulus determined from PeakForce Quantitative Nanomechanical 

Analysis (QNM) AFM measurements does not exceed the MPa range (Fig. C.12). Creep was also 

investigated with DMA, as it has been discussed in the literature that the viscoelasticity of polymer 

electrolytes can help physically maintain their interface with lithium metal, preventing 

heterogeneous void formation which can be ñhot spotsò of ion flux.59 While the polymers in the 

particle brush system create observable viscoelastic behavior, differences in creep rateðthe most 

relevant measurement due to the relatively constant pressure boundary conditions of a pouch cellð

were not observed (see Fig. C.11c). 

While mechanics were found to not correlate to lithium metal cycling performance, 

properties related to ionic transport shed light on relevant improvement mechanisms. Figure 5.5a 

indicates that the coatings which improved baseline lithium cycling (Mn40-GD0.46 and Mn329-

GD0.21) maintain ionic conductivity in the mS/cm range throughout the measured temperatures 

(0-90 ęC; see also Fig. C.13 with 80 and 90 ęC measurements with deviations from Arrhenius 

behavior). The ionic conductivity values of these two coatings are fairly similar to those of the 

liquid electrolyte across the temperature range studied. Interestingly, Mn40-GD0.46 has 

significantly longer cycle life yet lower ionic conductivity than Mn329-GD0.21. Likewise, the 

range of estimated activation energies calculated from the Arrhenius relation are lowest for 
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Mn329-GD0.21 and most comparable to the activation energies estimated for the liquid electrolyte 

(Fig. 5.5b). This can be attributed to the highest content of liquid electrolyte taken up by the 

polymer in Mn329-GD0.21. 

 

 

Figure 5.5. Temperature dependent ionic conductivity data comparing Mn40-GD0.46, Mn43-

GD0.57, and Mn329-GD0.21 swollen particle brush coatings. (a) Ionic conductivity plotted as a 

function of inverse temperature. (b) Activation energy values, which were obtained via Arrhenius 

model best-fits to the ionic conductivity data. 

 

It has been previously proposed that a polymer additive within a liquid electrolyte, while 

slightly reducing the ionic conductivity, can control the progression of local inhomogeneities by 

dampening ion transport near the electrode interface.60 This may explain why a coating that slightly 

reduces ionic conductivity compared to the liquid system can lead to an improved cycle life. 

Therefore, it is reasonable to conclude that the mobile PEO units of the polymer chains that 

participate in ionic transport are effectively slowing it down.29 The mobility of the polymer and its 

ability to dissociate and transfer lithium ions across its coordination sites is a result of a balance 

between the free volume and the distance between chains. This is closely related to the grafting 
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density of the particle brushes. On one end of the spectrum, a high grafting density, while 

shortening the distance between chains, reduces free volume in the system as well as increases 

tortuosity of the pathway of lithium ion coordination structures must take. This may slow down 

the overall lithium ion transport too much at the tested rates, which could explain the worsened 

performance by Mn43-GD0.57. On the other hand, grafting density that is too low poses different 

challenges such as an excessive space between chains and not enough overall polymer 

concentration to effectively dissociate ion clusters in a liquid-rich system. It is worth mentioning 

that lower grafting density results in a greater exposed surface area of silica nanoparticles. The 

silica surface has Lewis acidic character which can also help with ion dissociation while being 

itself unable to contact and react with the lithium metal surface, in the case of the particle brushes.61 

These effects at the two extreme ends of grafting density may explain the optimization curve seen 

in the relationship in Fig. 5.2c, where improved cycle life skews towards lower grafting densities 

with the most significant improvement shown by an intermediate grafting density. This 

relationship may be particular to the PEGMA polymer design, as prior literature on particle brushes 

with linear PEO are optimized by maximizing grafting density or by introducing additional 

unconstrained polymers, with good performance resulting from a higher degree of separation and 

fewer interactions between particles.22,28,29,62 

The proposed mechanism for lithium metal cycle life extension by densification of cycled 

lithium morphology via the particle brushes in this study appears to favor dendrite prevention 

rather than by suppressing dendrite growth due to mechanical stiffness. This preventative 

mechanism consists of participation in ionic transport from the polymer regime of the particle 

brushes, which is optimized for a particular grafting density. When introduced to the ether-based 

liquid electrolyte used in this study, the PEGMA-based polymer brushes grafted from silica 
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nanoparticles can harmoniously dissociate lithium ions and pass them across coordination 

structures. The homogeneous arrangement of particle brushes and lack of agglomeration of 

particles promotes this effect to occur evenly through the swollen particle brush layer. 

It remains in question whether further improvement may be possible by designing the 

system to also be effective at mechanically blocking dendrite growth. It was found that for particle-

polymer separators, both ion transport homogeneity and mechanical enhancements should be key 

design considerations to achieve better lithium metal cycling.10 An additional coating was 

synthesized that consisted of an in-situ crosslinked matrix of poly(ethylene glycol) diacrylate 

(PEGDA, Mn = 575 g mol-1) scaffolding the swollen particle brushes. While it was initially 

hypothesized that this crosslinked PEGDA scaffolding would provide higher mechanical stiffness 

and resistance to creep, the measured mechanical properties were not found to be very different 

compared to the particle brush system (see Fig. C.14). Intriguingly, the containment of the particles 

by this scaffolding, while still improving the cycle life by decreasing mossy lithium from the bare 

lithium baseline, resulted in heterogeneous stripping behavior (Fig. C.14d.) In these PEGMA-

based particle brush systems which rely on some amount of ionic transport in the polymer, 

mechanical enhancements likely diminish the mobility required of the polymer to facilitate the 

establishing and breaking of Li+ ion coordination structures. Future work on these as well as novel 

particle brush designs will explore a wider range of molecular weights, grafting densities, and 

polymer architectures which can transport lithium effectively in different electrolytes, hoping to 

reveal more about their mechanistic impact on lithium metal battery performance and failure 

modes. Further improvements to lithium metal coating design are expected to further extend cell 

cycle life and further delay the non-dendritic failure modes. 

 



128 

 

5.4 Conclusions 

In this study, novel particle brushes were synthesized and evaluated as coatings for lithium 

metal battery electrodes. The objective was to investigate the impact of different particle brush 

architectures on the cycle life of symmetric cells, particularly during early stage cycling with ether-

based liquid electrolyte. The findings revealed that specific particle brush structures effectively 

controlled the density of cycled lithium morphology as evaluated with micro-CT, leading to as 

much as a three-fold increase in cycle life. The failure mode observed in the coated Li cells was 

not attributed to dendrite formation, but rather to the consumption of lithium due to the intensive 

cycling and prolonged cycle life, which further indicates the effectiveness of the coating. The best 

performance was obtained by optimizing the grafting density of the particle brushes, which 

promoted effective ionic transport through the coating by facilitating adequate polymer 

participation. Surprisingly, the mechanical behaviors of the coatings were not critical to dendrite 

mitigation, indicating a stronger reliance on dendrite prevention than on dendrite blocking to 

improve cycle life. Overall, this research sheds new light on the design of particle brush coatings 

and their marked improvement of the performance of lithium metal batteries with liquid 

electrolytes. 
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Chapter 6: Concluding Remarks 

 

 

 

6.1 Future Work 

The experimental results in this dissertation showed how different hybrid materials can 

utilize their chemical and physical structures to either mechanically suppress protruding dendrites 

or create dendrite-avoiding conditions. In the hybrid separator, the LiF particles and amorphous 

polymer regions demonstrated higher indentation stiffness and tensile elasticity. The in-situ micro-

CT images showed the optimized separator slowing the protruding plating of a dendrite while 

forming itself around the protrusion over time. While some mechanical behaviors of the separator 

correlated with less dendrites in lithium metal cells, mechanical property correlations were not 

present in the particle brush coating study. Best performing coatings maintained fast yet controlled 

ion transport governed by the grafted polymer chains with enough mobility to participate in Li+ 

coordination. Viable future studies can build upon this work in a few effective ways described 

below. 

 

6.1.1 Advancing Characterization Techniques 

 A few characterization methods could be well-suited additions to this work to validate 

some hypotheses discussed. While the mechanical experiments involved in this work were 

carefully selected, a thorough span of mechanical characterizations could be revealing of any 

additional properties that could distinguish the experimental materials from each other, especially 

in the particle brush coating study. Applying mechanical oscillations to test samples can reveal the 
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solid and liquid like nature of viscoelastic material. This can be done with DMA to capture Eô and 

Eò (storage and loss modulus in compression or tension) or with a rheometer to measure Gô and 

Gò (storage and loss modulus in shear). At least 1 mL of material is required to perform each of 

these tests, so larger amounts of material could be synthesized to enable the measurements. 

 Other additional techniques can investigate the lithium metal surface and the lithium 

diffusing environment of the hybrid materials. The lithium metal surface can be probed with X-

ray photoelectron spectroscopy (XPS). This would reveal the chemical makeup of the SEI, 

indicating proportions of the region are comprised of inorganic and organic compounds. This could 

be revealing of an improvement mechanism if the SEI composition and/or homogeneity correlates 

to cycle life or dendrite growth in either study.  

 To further clarify the notion that the polymer in the particle brushes is controlling the 

lithium ion transport optimally, pulsed field gradient nuclear magnetic resonance (PFG-NMR) can 

be performed. The results of this technique, lithium and fluorine diffusivities, would aid 

understanding of how the particle brushes alter transport in successful and unsuccessful 

architectures. Furthermore, these diffusivities can be used to calculate a transport number which 

is similar to a lithium transference number in the case an electric field is applied. The transference 

number is defined as the portion of total ionic transport in which Li+ participates. Experimentally, 

measuring this value in any non-ideal electrolyte is impractical.1 In this dissertation, the non-ideal 

assumption was relaxed to estimate the lithium transference number via the Bruce Vincent 

approach, but accuracy could not be achieved. Thus, measuring the transport number by means of 

magnetic field excitation can potentially offer more information about the system through another 

lens. 
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 One part of the X-ray micro-CT post processing procedure could be further advanced. As 

the segmentation was mostly manually performed, automation could be applied. Machine learning 

algorithms have been performed to identify dendrites, pits, and background voxels in micro-CT 

images of a particular lithium symmetric cell.2 It is of interest to continue that work on the datasets 

within Chapter 4 and 5, as these images contain different structures of cycled lithium metal. At the 

same time, the machine learning algorithm could be more advanced with the addition of these 

datasets. 

 

6.1.2 New Particle Brushes 

As the difference between mechanical behaviors across particle brushes synthesized in 

Chapter 5 was negligible, it is of interest to continue to develop novel particle brushes which span 

more mechanical behaviors. The silica ï poly(PEGMA500) architecture is also limited in its ionic 

transport mechanism. There are limited ways in which the PEO segments of the polymer chains 

coordinate with lithium ions. This also limits the contribution to mechanical behavior by the 

polymer, as the polymer must be mobile enough to effectively transport Li. There are exciting new 

developments in the polymer electrolyte subfield of battery research such as polyzwitterions and 

single ion conducting polymers.3ï6 Future work may involve grafting polymers inspired by these 

recent developments from silica nanoparticles to understand how might the dendrite suppression 

nature change. Controlling the polydispersity is another option for a future study to investigate its 

impact on lithium metal cycling. In any case, measuring the impact of larger changes to mechanical 

behavior would offer great insight into which dendrite mitigation strategy one should emphasize 

in hybrid separator and coating design. 
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6.2 Closing Remarks 

 Hybrid materials, while complex, offer many benefits to lithium metal battery cells. 

Adjusting the composition results in significant differences in properties (chemical and 

mechanical) and therefore performance with lithium metal anodes. Hybrid composites were 

leveraged in this dissertation to study the mechanisms of how dendrites can realistically be 

controlled by physical and chemical effects. The methods developed in Chapter 3 enabled the 

results of the following two chapters, which showed how hybrid composites must be optimized to 

improve lithium metal cycling while lessening occurrence of dendrites. While some sort of 

optimization was shown to be necessary in both the separator and the coating, the dendrite 

mitigation strategy utilized and how much the material relied on this strategy to perform better 

depended on the material. Chapter 4 explained how the hybrid composite separator controlled the 

dendrites which were initiated at the onset of the first charge with spatial homogeneity and 

mechanical behaviors. On the other hand, Chapter 5 introduced a different kind of hybrid 

architecture, a particle brush, which served as a dendrite preventing coating on lithium metal by 

means of controlling the transport so that dendrites were unlikely to nucleate and propagate. Of all 

cells built in this dissertation, the optimized particle brush coating was able to lengthen the cycle 

life of lithium metal symmetric cells up to 320 cycles at the practical conditions 1 mA cm-2 and 1 

mAh cm-2. Ex-situ and in-situ micro-computed tomography unveiled the 3D cycled Li metal 

structures that correlated to cycling performance and demonstrated how the cell as a whole is 

impacted by the cycling behavior of Li metal electrodes. It is our hope that with this study along 

with the future work it inspires hybrid materials can be designed to enable lithium metal cells to 

deliver better performing electric vehicles that consumers will want to purchase. 



142 

 

 

6.3 References 

(1) Zugmann, S.; Fleischmann, M.; Amereller, M.; Gschwind, R. M.; Wiemhöfer, H. D.; Gores, 

H. J. Measurement of Transference Numbers for Lithium Ion Electrolytes via Four Different 

Methods, a Comparative Study. Electrochimica Acta 2011, 56 (11), 3926ï3933. 

(2) Huang, Y.; Perlmutter, D.; Fei-Huei Su, A.; Quenum, J.; Shevchenko, P.; Parkinson, D. 

Y.; Zenyuk, I. V.; Ushizima, D. Detecting Lithium Plating Dynamics in a Solid-State Battery with 

Operando X-Ray Computed Tomography Using Machine Learning. Npj Comput. Mater. 2023, 9 

(1), 1ï9. 

(3) Huang, Z.; Lai, J.-C.; Liao, S.-L.; Yu, Z.; Chen, Y.; Yu, W.; Gong, H.; Gao, X.; Yang, Y.; 

Qin, J.; Cui, Y.; Bao, Z. A Salt-Philic, Solvent-Phobic Interfacial Coating Design for Lithium 

Metal Electrodes. Nat. Energy 2023, 8 (6), 577ï585. 

(4) Jones, S. D.; Nguyen, H.; Richardson, P. M.; Chen, Y.-Q.; Wyckoff, K. E.; Hawker, C. J.; 

Clément, R. J.; Fredrickson, G. H.; Segalman, R. A. Design of Polymeric Zwitterionic Solid 

Electrolytes with Superionic Lithium Transport. ACS Cent. Sci. 2022, 8 (2), 169ï175. 

(5) Wieck, K. W.; Panzer, M. J. Ionogel Electrolytes Supported by Zwitterionic Copolymers 

Featuring Lithium Ion-Mediated, Noncovalent Cross-Links. ACS Appl. Polym. Mater. 2023, 5 (4), 

2887ï2894. 

(6) Taylor, M. E.; Clarkson, D.; Greenbaum, S. G.; Panzer, M. J. Examining the Impact of 

Polyzwitterion Chemistry on Lithium Ion Transport in Ionogel Electrolytes. ACS Appl. Polym. 

Mater. 2021, 3 (5), 2635ï2645. 



143 

 

Appendix A: Supplementary Information Concerning 

Chapter 3 

 

 

 

This chapter is reproduced from the following publication: 

Dienemann, L. L.; Saigal, A.; Zimmerman, M. A. Creep and Anisotropy of Free-Standing Lithium 

Metal Foils in an Industrial Dry Room. J. Electrochem. En. Conv. Stor. 2021, 18 (4), 040908. 

 

Methods 

The following steps outline the time and temperature mechanical experiments. 

 

1. Lithium foils transferred from argon glovebox into dry room in a sealed vessel 

2. Camera and two LED lights set up to aim at the gage area between the grips of the DMAôs 

tensile clamp; camera software set up to take images every 1 second during 3E-3 s-1 strain 

rates, every 10 seconds during 3E-4 s-1 strain rates, every 100 seconds during 3E-5 s-1 

experiments, and every 10 minutes during the constant 0.3 MPa stress experiments  (time 

experiments only) 

3. Samples cut into 10 mm wide and 25 mm total length/15 mm gage length (time 

experiments) or 35 mm total length/25 mm gage length (temperature experiments) with 

razor blade 
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4. Magnesium oxide power sieved onto tensile specimen then lightly compacted onto the 

lithium surface with flat edge tweezers. A pinch of graphite powder sieved onto white 

magnesium oxide background to generate pattern shown in Fig. A.1 (time experiments 

only) 

5. Furnace closed over specimen and temperature equilibrated for 10 minutes before start of 

test (temperature experiments only)  

6. Strains measured with GOM Correlate software to use linear regression to calculate m 

(constant stress time experiments), strain rates measured with GOM Correlate software and 

averaged in the steady state regime to calculate m (constant displacement rate time 

experiments), and strains measured by the DMA (temperature experiments) 

 

The experimental factors that were kept constant between this study and Ref. 1 during the 

temperature dependent experiments are the following: source of the lithium (Alfa Aesar, 0.75 mm 

thick roll), strain rates and temperatures, temperature soak time period, and gage length of the 

specimen.1 

DESCRIPTOR LEPAGE ET AL.1 DIENEMANN ET AL.2 

ENVIRONMENT Argon Dry air 

SPECIMEN WIDTH 2-3 mm 2-3.5 mm 

CUTTING TOOL Custom Razor blade 

DMA TA Instruments RSA-G2 TA Instruments 850 

Table A.1. Differences in experimental setup for the replication of temperature-dependent 

measurements; adapted from Ref. 2.2 
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Regression was used to determine linear models as well as to make conclusions based on 

statistics. The following table displays these results for the 0.10 mm lithium foil. 

 

a. Regression Equation 

Direction    

MD log(epsilon_dot) = -2.501 + 10.614 log(sigma_ss) 

        

TD log(epsilon_dot) = -3.028 + 9.618 log(sigma_ss) 

 

b. Coefficients 

Term Coef SE Coef T-Value P-Value VIF  

Constant -2.501 0.122 -20.47 0.000   

log(sigma_ss) 10.614 0.421 25.21 0.000 2.20 

Direction           

  TD -0.527 0.164 -3.22 0.004 2.07 

log(sigma_ss)*Direction           

  TD -0.996 0.572 -1.74 0.097 3.10 

 

Table A.2. Regression results including (a) the regression equation predicting strain rates per stress 

in the steady state regime and (b) the coefficients table. 
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The form of the equations in Table A.2a is the result of taking the logarithm of both sides 

of Equation 3.3 from Chapter 3. The power law creep exponent, m, becomes the slope of the 

linearized equation. The interaction term is the last row of Table A.2b, and it represents the effect 

that orientation (MD or TD) has on this overall relationship. 

 

a. Regression Equation 

ln(sigma_ss)MD = -2.2503 + 495.75 T_inverseMD 

 

b. Coefficients 

Term Coef SE Coef T-Value P-Value VIF  

Constant -2.2503 0.0241 -93.55 0.000   

T_inverseMD 495.75 7.67 64.60 0.000 1.00 

 

Table A.3. Regression results including (a) the regression equation predicting steady state creep 

stress per temperature in the MD and (b) the coefficients table.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 

 

a. Regression Equation 

ln(sigma_ss)TD = -2.2551 + 514.26 T_inverseTD 

b. Coefficients 

Term Coef SE Coef T-Value P-Value VIF  

Constant -2.2551 0.0164 -137.66 0.000   

T_inverseTD 514.26 5.22 98.44 0.000 1.00 

Table A.4. Regression results including (a) the regression equation predicting steady state creep 

stress per temperature in the TD and (b) the coefficients table.  

 

Tables A3 and A4 show the linear regression results from the relationship defined by Eq. 

3.4 and the data obtained from 0.006 strain onwards in Fig. 2. ñT_inverseò was obtained by taking 

the inverse of the temperature measured in the temperature dependent mechanics experiments. The 

slope of these regressions contains both m and Qc. Table A.3 represents the experiments run with 

MD in the longitudinal axis, and Table A.4 contains the data from the experiments in the TD. 

 

The DIC speckle pattern and the surface component used to measure strain on the lithium 

metal is shown in Figure A.1.  
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Figure A.1. Digital image correlation image from the time dependent experiments. The shaded 

region in the gage area is the surface component where strain was calculated. 
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Results 

 

 

 

 

Figure A.2. True stress-true strain plot of 0.75 mm lithium foils constantly deformed at three 

different rates (one sample is shown at each strain rate). 
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Figure A.3. True stress-true strain plot of 0.10 mm lithium foils (tested in MD and TD) constantly 

deformed at three different strain rates (one sample is shown for each strain rate and direction).  
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Figure A.4. SEM images of lithium foil surface after one day of exposure to the dry room (left) 

and after minutes of exposure to the environment outside the dry room (right).  
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Figure A.5. SEM images of 0.10 mm lithium foil grain boundaries in (a, c) back scatter diffraction 

(BED) mode and (b, d) SED mode of (a,b) pristine foil and (c, d) foil crept under 0.3 MPa for 

several hours. 
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Figure A.6. Optical images of 0.10 mm foil surface after temperature experiments at (a) 298 K, 

(b) 273 K, and (c) 398 K.  
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Appendix B: Supplementary Information Concerning 

Chapter 4 

 

 

 

This chapter is reproduced from the following publication: 

Dienemann, L. L.; Geller, L. C.; Huang, Y.; Zenyuk, I. V.; Panzer, M. J. Understanding Lithium 

Dendrite Suppression by Hybrid Composite Separators: Indentation Measurements Informed by 
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Cell Architecture 

The following figure (Fig. B.1) depicts the design of the cells built in this study for cycling 

as well as operando micro-CT. The cell stack is sealed in a mini pouch. 

 

Figure B.1. Mini -pouch cell architecture for commercially relevant operando micro-CT. 
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Nanoindentation Setup 

 Figure B.2 depicts the nanoindentation setup used in this study (Fig. B.2a) as well as the 

load-hold-unload protocol (Fig. B.2b). The continuous stiffness measurement is described by the 

inset of Fig. B.2b, where the instrument superimposes an oscillating force throughout the 

measurement, constantly determining the stiffness of the system during the superimposed 

unloading segments. This enables accurate determination of indentation tip-sample contact. The 

nanoindentation instrument determines the indentation depth via a capacitive gauge and applies 

the force electromagnetically (coil and magnet). 

 

Figure B.2. Schematic of (a) nanoindentation instrument illustrating electromagnetic force 

application and capacitive gauge displacement measurement and (b) nanoindentation load-hold-

unload with continuous stiffness measurement and Oliver and Pharr stiffness measurement 

protocol. 
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Imaging 

 

Figure B.3. SEM images of (a) LiF particles, (b) CaF2 particles, (c) top-down view of 12% LiF 

HCS, and (d) cross-sectional view of 90% LiF HCS. 

 

The SEM images in Fig. B.3a,b depict the similarity between the morphologies and 

particles sizes of the LiF and CaF2 particles. Furthermore, a 12% LiF HCS was fabricated but was 

not tested further due to the presence of pores in the top-down SEM image in Fig. B.3c. Another 

HCS that was not further investigated after imaging was the 90% LiF HCS shown in Fig. B.3d due 

to severe agglomerations of the LiF particles and macroscale porosity.  
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Figure B.4. Distinguished pores (shown with arrows) and particle agglomerations (circled) in 

SEM cross sections of various HCSs (50% LiF, 75% LiF, and 50% CaF2). Scale bars represent 10 

microns. 

 

 Porosity and particle agglomerations are highlighted in Fig. B.4 for clarity. 
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Galvanostatic Cycling 

 

Figure B.5. Lithium metal symmetric cell cycling at 0.1 mA/cm2 and 0.1 mAh/cm2 comparing 

two cells in Cell A format with 50% LiF HCS with two cells with a single glass microfiber as the 

separator. The plot reports up to 26 cycles. 

 

 An improvement in lithium metal cycling performance can be observed with the addition 

of the 50% LiF HCS into cells with glass microfiber separators cycled at a lower current density 

of 0.1 mA/cm2. The cells with the HCS show on average lower overpotentials as well as flatter 

cycling waveforms which correspond to more even plating and stripping as well as lower 

interfacial resistance with lithium metal electrodes. 

 

 

 

 



161 

 

Digital Image Correlation 

 

Figure B.6. Isolated DIC surface component of 50% LiF HCS captured with operando micro-CT 

(a) after 10 min of first charge, and (b) at the completion of second charge. Color scale indicates 

x-displacement. Average displacement was calculated from facets (areas of pixels) representing 

the position of the protrusion peak are highlighted in gray in left panel (a) and are boxed in both 

panels. Facets averaged as the x-displacement of the HCS on the y-borders of the protrusion are 

highlighted in gray in right panel (b). 
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In Fig. B.6, the 50% LiF HCS as a DIC surface component is separated from the micro-CT 

slices shown in Fig. 5 in the Main Text as well as in Supplementary Video 1. Specific areas (facets 

highlighted in gray) within this surface component were selected as the protrusion peak (Fig. B.6a; 

boxed areas) and the base of the protrusion (Fig. B.6b; circled areas). Their x-displacements were 

averaged at each time step during the cycling and resulting deformation of the HCS. These values 

gave indentation depth of the cycled lithium protrusion into the HCS (indentation = peak ï base) 

as well as the y-width of the protrusion. 

 

Film Mechanics 

0% LiF E/P 50% LiF E/P 

1.14 0.94 

1.30 1.23 

1.55 1.21 

1.70 1.32 

1.83 1.15 

1.75 1.31 

1.64 1.12 

1.52 1.25 

 1.22 

 

Table B.1. Calculated E/P values from nanoindentation experiments on 0% LiF and 50% LiF 

HCSs. One load-depth profile for the 0% LiF HCS was not considered due to experimental error. 
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A two-sample t test was performed to determine difference between the E/P ratio of PVDF-

HFP versus the 50% LiF film at a 5% significance level. The results included a p-value of 9.74 x 

10-4 in favor of rejecting the null hypothesis that the two are equal. 

 

 

a)       b) 

 

Figure B.7. Mechanical properties of dry HCS films including a) Youngôs Modulus and b) E/P 

 

 The mechanics were investigated in the dry state (Fig. B.7) in addition to the swollen state 

to exhibit potential differences. In this case of E/P, the maximum strain was chosen as 4 percent 

rather than 20 percent as was done in the swollen state, as the polymer is more brittle in the dry 

state. Interestingly, the film without particles (0% LiF) exhibits the highest tensile modulus and 

one of the lowest E/P ratios. This coincides with the amorphous content in the cross section of the 

film. The 0% LiF HCS had the highest crystallinity. A mechanical property that better coincides 

with the lithium diffusion benefits of amorphous polymer content in the HCS is the E/P value, as 

this elasticity parameter can represent how well the entangled polymer chains spring back to their 

original physical state. 
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Notably, the relationships observed in the bulk mechanical experiments, particularly those 

of elastic modulus and E/P across films, remain the same for the HCS when it is swollen (wet) and 

when it is dry. For example, the tensile modulus significantly increases with addition of particles 

into the HCS both with and without liquid electrolyte. We expect that the same observation is 

likely to exist for the films in the indentation experiments. 

 

0% LiF  25% LiF  50% LiF  50% CaF2 

3.12 ± 0.45 3.61 ± 0.89 3.76 ± 1.06 2.18 ± 0.40 

 

Table B.2. Yield Stress (MPa) estimated from tensile measurements of HCSs 

 

The yield stress values in Table B.2 were estimated from the tensile data using the 0.2% 

strain offset. A difference across HCSs was not observed except for the low result observed in the 

50% CaF2 HCS. Overall, the results do not correlate with the lithium metal cycling performance 

observed with these separators. 
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Figure B.8. Mechanical load and unload data obtained from (a) nanoindentation, and (b) tensile 

testing of liquid electrolyte swollen HCSs. 

 

The raw data for the load and unload mechanical tests in nanoindentation as well as in 

tension are shown in Figure B.8. The transition to plastic deformation is clear in Fig. B.8b, while 

the viscoelastic nature of the HCSs is made evident by the force hold step in Fig. B.8a. 

Another property investigated was the elastic recovery, the percentage of depth or strain 

elastically retained during the nanoindentation or tensile tests. The elastic recoveries for the PVDF-

HFP and the 50% LiF HCS were similar in both mechanical tests. The nanoindentation resulted in 

elastic recoveries of 87.9 ± 5.0% for PVDF-HFP and 83.5 ±4.0% for 50% LiF. The tensile load 

and unload experiments resulted in elastic recoveries of 59.4 ± 0.8% for PVDF-HFP and 58.8 ± 

0.5% for 50% LiF. 
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Liquid Electrolyte Uptake 

 The electrolyte uptake was measured by weight and calculated with Eq. B.1.  

όὴὸὥὯὩ Ϸ       (B.1) 

 The weight of the dry HCS (wHCS) was measured initially, and the weight of the HCS 

swollen with electrolyte (wswollen ) was measured after soaking the same film for four hours and 

then dabbing off excess liquid electrolyte. The results are summarized in Fig. B.9. 

 

Figure B.9. Liquid electrolyte uptake of HCSs 
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Appendix C: Supplementary Information Concerning 

Chapter 5 

 

 

 

Particle Brush Synthesis 

 

Materials. Silica nanoparticles (NPs), 30 wt% solution in methyl ethyl ketone (MEK-ST) were 

donated by Nissan Chemical and used as received. Tetherable initiator, 3-

(chlorodimethylsilyl)propyl 2-bromo-2-methylpropionate (BiBSiCl), was synthesized as 

described in a previous report.1 Methanol (MeOH, > 99.8%, Aldrich), tetrahydrofuran (THF, 

99.5%, Aldrich), toluene (99%, Aldrich), N,N-dimethylformamide (DMF, 99.9%, Acros), 

chlorodimethylsilane (98%, Aldrich), 48 wt % aqueous hydrofluoric acid (HF, 99.99%, Aldrich), 

allyl alcohol (99%, Aldrich), 2-bromoisobutyryl bromide (BiBB, 98%, Aldrich), sodium 

bicarbonate (NaHCO3, ACS grade, Fisher Chemical), dichloromethane (DCM, 99%, Aldrich), 

sodium chloride (NaCl, ACS grade, Fisher Chemical), triethylamine (TEA, 99.5%, Aldrich), 

Karstedtôs catalyst (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution, in 

xylene, Pt ~2 %, Aldrich), ammonium hydroxide aqueous solution (NH3ĀH2O, 28.0-30.0%, Fisher), 

alumina (neutral, Super I, 50-200µm, Sorbtech), anhydrous magnesium sulfate (MgSO4, Fisher), 

and copper(II) bromide (CuIIBr2, 99.9%, Aldrich), tris(2-dimethylaminoethyl)amine (Me6TREN, 

99%, Alfa), tin(II) 2-ethylhexanoate (Sn(Oct)2, 95%, Aldrich), anisole (99%, Aldrich) were used 

as received unless otherwise stated. Poly(ethylene glycol) methyl ether methacrylate (PEGMA500, 

average Mn 500, contains 100 ppm MEHQ as inhibitor, 200 ppm BHT as inhibitor, Aldrich) were 
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passed through a column filled with basic alumina prior to use to remove any polymerization 

inhibitor. 

Initi al grafting density measurement with PMMA particle brushes. SI-ATRP was performed to graft 

PMMA from silica nanoparticles. This enabled an accurate calculation of grafting density to benchmark in 

the poly(PEGMA) particle brush synthesis. Silica nanoparticles were modified similarly as described in 

previous reports.2,3 Upon anchoring the tetherable initiators, 3-(chlorodimethylsilyl)propyl 2-bromo-2-

methylpropionate (BiBSiCl), the surface-modified silica nanoparticles dissolved in methyl ethyl ketone 

underwent four cycles of dialysis (3 times methanol, 1 time acetone in dialysis bag with a 10 kDa cutoff) 

to remove the untethered initiators and other impurities. After dialysis, small scale SI-ATRP model 

reactions were completed separately at least three times to roughly calculate the accessible initiator density. 

Reaction conditions: SiO2-Br 0.03g, MMA 3 mL, 50 vol% in anisole, CuBr2 catalyst (in DMF, 0.005 g/mL) 

200 ppm compared to monomer, [CuBr2]:[Me6TREN]:[TinII] = 1:3:5, 50 , 40 min reaction. The molecular 

weight of grafted brush layer was tested by DMF GPC with PMMA standards after cleavage from silica 

using HF. The inorganic fractions of model particle brushes were determined by TGA. With the molecular 

weights and inorganic fractions, grafting densities were calculated by Eq 5.1. The acquired average grafting 

density was assumed to be the accessible initiator densities (though the actual grafting densities may vary 

according to different monomer types).4  

 

General procedure for the synthesis of poly(ethylene glycol) methyl ether methacrylate (average Mn 

500) grafted silica nanoparticle brushes (SiO2-g-PEGMA 500) by SI-ARGET ATRP.  Silica 

nanoparticles (assuming ~0.7 surface Br/nm2 from the PMMA particle brushes) in anisole stock solution 

(0.1 g/mL) 2.16 mL, PEGMA500 (6.48 g, 6.00 mL), CuIIBr2 in DMF stock solution (0.005 g/mL) 0.14 mL 

(250 ppm compared to monomers), Me6TREN as the ligand in anisole stock solution (0.01 mL/mL) 0.26 

mL were added. Then around 6.34 mL anisole was added into the mixture so that the monomer 

concentration was around 40 vol% in anisole. The mixture was then transferred to a 25 mL Schlenk flask, 



169 

 

sealed with septum stopper, and purged with nitrogen for 15 min. After that, fresh Sn(Oct)2 in anisole stock 

solution (0.05 mL/mL) 0.1 mL as the reducing agent was incorporated into the flask triggering SI-ARGET 

ATRP.2 The flask was then immersed in a 50  oil bath and the polymerization was stopped before the 

reaction mixture became highly viscous. Upon finishing polymerization, the reaction mixture was 

precipitated in 2 × 40 mL hexane, and then centrifuged at 4800 rpm for 5 min. The PEGMA500-grafted 

particle brushes were centrifuged to the bottom of the centrifuge tubes. After removing the supernatant, the 

particle brushes were redissolved in THF with vortex mixing. Then, the particle brushes in THF were 

transferred into dialysis bag with 50kD cutoff, purified through 5 cycles of dialysis (3 of MeOH, 2 of THF, 

each cycle at least 6 hrs). The products were further dried by passing through a short column filled with 

anhydrous MgSO4, followed by 4800 rpm centrifuge for 20 min. Finally, the particle brushes in THF as 

supernatant were collected and filtered again through cotton for characterization. The particle brushes 

synthesized and tested in this study are summarized in Table C.1. 

 

GD [chains nm-2] 
Mn, apparent                   
[g mol-1] 

Mn, absolute                   

[g mol-1] 
DP 

[Mn/500] 
Ð 

[Mw/ Mn] 
finorg [%] 

0.206 199600 328500 657 2.14 4.91 

0.331 35100 40000 80 1.35 20.87 

0.367 14000 13100 26 1.21 42.03 

0.38 61200 78400 157 1.44 10.48 

0.39 18800 18800 38 1.21 32.23 

0.449 34000 38500 77 1.31 16.78 

0.459 35100 40000 80 1.37 15.96 

0.489 41100 48400 97 1.32 12.84 

0.5 25700 27400 55 1.28 20.31 

0.51 37200 42900 86 1.42 13.76 

0.554 20700 21100 42 1.3 23 

0.572 37400 43200 86 1.37 12.38 

0.716 17800 17600 35 1.24 21.69 

 

Table C.1. List of particle brushes synthesized and tested in this study. Columns (left to right) are grafting 

density, number average molecular weight (apparent, measured with PMMA standards via GPC), number 
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average molecular weight (absolute, Mark-Houwink estimation), degree of polymerization, polydispersity 

index, and inorganic content. 

 

Thermogravimetric analysis (TGA). After 5 cycles of dialysis, the PEGMA500-grafted particle 

brushes were finally in THF as stable solutions. A flat PTFE surface was used where PEGMA 

particle brushes in THF were drop-cast onto the mold to form soft solid film (layer by layer while 

THF evaporates). The soft material with 10-20 mg was collected and loaded onto TGA. 

 TGA was performed on a TA Instruments TGA 550 using air atmosphere, and the data was 

processed with TA Universal Analysis software. The heating procedure involved four steps: (1) 

ramp up at 20 °C/min to 120 °C; (2) hold at 120 °C for 10 min; (3) high-resolution ramp up at 

20 °C/min to 800 °C; (4) hold at 800 °C for 5 min. The organic contents of the samples were 

normalized to the weight loss between 120 °C and 800 °C. The results are summarized in Fig. C.1a. 

 

 

Figure C.1. (a) TGA trace of Mn40-GD0.46 (finorg = 15.96%) during the temperature ramp step 

from 120 to 800 ęC. (b) GPC trace of Mn40-GD0.46 cleaved polymer chains. 
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Gel permeation chromatography (GPC) analysis. After redissolving the PEGMA particle 

brushes in THF, 1 pipette of sample solution was added into a PTFE plastic vial (20 mL volume) 

with tiny stirring bars. Then, 2 pipettes of hydrofluoric acid (HF) with an excessive amount were 

added to the sample to etch the silica. After at least a 6 h etching process, HF was carefully 

evaporated with air flow overnight. To make sure there is no residual HF, excessive ammonia in 

water was added (to neutralize the residual HF). Then the air flow remains for evaporating 

ammonia and water. Next, the cleaved PEGMA500 brush layer was redissolved in DMF with vortex 

mixing, followed by filtering through neutral alumina for DMF GPC measurement with PMMA 

calibration. 

 Number-average molecular weight (Mn) and molecular-weight dispersity (ņ, Mw/Mn) were 

determined by gel permeation chromatography (GPC). The DMF GPC was measured via a PSS 

GPC system with an Agilent 1260 Infinity II isocratic pump, a column set containing 3 PSS GRAM 

analytical columns (pore sizes: 3000 Å, 3000 Å, 100 Å), an Agilent 1260 Infinity II refractive 

index (RI) detector, and a PSS SLD2020 multi-angle light scattering (MALS) detector. The 

column set was kept in a column oven thermostated at 50 ºC. DMF containing 0.05 M LiBr was 

used as the eluent. Analysis of polymer signals was based on PSS WinGPC software (build 9666) 

for apparent molecular weight (Mn, apparent) analysis using a calibration based on linear poly(methyl 

methacrylate) (PMMA) standards. Corrected molecular weights (Mn, absolute) were obtained with 

the Mark-Houwink calibration to DMF with 0.05M LiBr at 50 ęC.5 The results are summarized in 

Fig. C.1b. 
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Particle Brush Coating Characterization 

Atomic Force Microscopy. To assess the uniformity of the particle brushes, the dispersed brushes 

were drop cast onto glass microscope slides similarly as done onto the lithium foil to be assessed 

with atomic force microscopy (AFM). A Bruker Dimension Icon AFM was used in this study 

paired with a cantilever of stiffness 40 N/m for Tapping Mode. Gwyddion software was used to 

post process scans. The results are summarized by Fig. C.2, where differences can be distinguished 

between the Mn40-GD0.33 coating (panel b) and the same formulation yet detached polymer and 

particles (panel c) with height maps as well as phase maps. Phase images are associated with 

mechanics, where larger values indicate higher stiffness. Crystalline polymer is evident in panel c 

in the detached system, where the polymer chains are able to rearrange into ordered structures that 

show up in the AFM scans as the dark regions in the height images and the bright regions in the 

phase images.6 These features are not present in the covalently attached system shown in panel b. 

Instead, we see roughly 30 nm sized spheres which could feasibly represent the dispersed particle 

brushes. The features seen in both systems exist in both 5 x 5 µm and 20 x 20 µm scans, indicating 

they are not imaging artifacts.  

AFM was also used to evaluate mechanical properties of the unswollen coatings with 

PeakForce Quantitative Nanomechanical Analysis (QNM). A Bruker ScanAsyst probe (stiffness: 

0.4 N/m) with a conical tip mapped the Sneddon modulus, indentation, adhesion, and dissipation 

over 1 x 1 µm areas. The results are shown in Fig. C.12. Multiple scans were evaluated, as error 

was present in several scans and was avoided in analysis. The statistics in Fig. C.12 are a result of 

all scans combined. 

In Fig. C.2a, symmetric lithium cells are cycled with 1M LiTFSI in DOL:DME (1:1 v/v) + 

1 wt% LiNO3. The bare lithium cell exhibits error in its overpotentials beginning around 70 hours 



173 

 

of cycling. While this noisy data did not occur in the detached particle brush coated system, at 

around 200 hours, the onset of failure due to soft shorting begins with a step down in potential 

(later cycling exhibits the consequential increasing overpotentials.) In the equivalent attached 

particle brush system, that same onset of failure is delayed to around 280 hours. 

 

 

Figure C.2. (a) Extended lithium metal symmetric cycling at 1 mA/cm2 and 1 mAh/cm2 comparing 

bare lithium electrodes to the Mn40-GD0.33 coating and its detached system, containing the same 

polymer batch and silica content from the Mn40-GD0.33 system. Soft shorting (abrupt decrease in 

overpotential in cycling waveforms) denoted with arrows. (b) AFM images of Mn40-GD0.33 

system. Height (top) and phase (middle) of 5 x 5 µm area. Phase of 20 x 20 µm area (bottom). (c) 
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AFM images of detached system. Height (top) and phase (middle) of 5 x 5 µm area. Phase of 20 

x 20 µm area (bottom). 

 

Scanning Electron Microscopy. Cross sections of the Mn40-GD0.33 particle brushes drop cast 

on the 180 µm lithium foil used in battery builds were imaged with SEM. In both panels of Fig. 

C.3, the coating is the lighter phase above the lithium metal substrate which shows up as dark. The 

coating without salt or solvent is depicted in Fig. C.3a, while the thicker coating shown in Fig. 

C.3b is plasticized with LiTFSI.  

 

 

Figure C.3. Scanning electron microscopy (SEM) images of ion milled cross sections of Mn40-

GD0.33 coating on lithium metal (a) without salt and (b) with LiTFSI concentrated at 50 weight 

percent of polymer weight. 

 

Structure Property Relationships. Figure C.4 compares multiple physicochemical attributes of 

a particular selection of coatings which underwent static compression with Dynamic Mechanical 
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Analysis (DMA) in the swollen state, liquid electrolyte uptake experiments, and temperature 

dependent ionic conductivity measurements. All measured properties are intrinsic with the 

exception of thickness. Three of these particle brush systems have polymers of the same molecular 

weight (35-37 kg/mol) but span different grafting densities (0.38-0.66 nm-2). One of these three, 

Mn43-GD0.57, worsened the lithium metal cycle life. All other particle brushes improved the cycle 

life comparing to the bare lithium system. The particle brush coating design that differs from the 

others in having five times as long polymer chains (Mn = 185 kg/mol) has a grafting density similar 

to one other sample, 0.37 nm-2. However, this selection of particle brushes is designed to have 

unique values of inorganic content. Unfortunately, not enough Mn40-GD0.33 was available for 

ionic conductivity experiments, as it was most extensively tested with X-ray micro-computed 

tomography throughout this study. 

Linear correlations between lithium metal cycle life and any characterized property or 

designed traits of the particle brushes do not exist; rather, the best performing coating in lithium 

metal cells have optimized properties. In most cases, stiff nanoparticles should increase the overall 

stiffness of the particle-polymer composite. This is also mostly true in this case; the highest and 

lowest inorganic content samples have the highest and lowest moduli, respectively. However, here 

no relationship can be drawn from inorganic content and cycle life. This is due to the interesting 

results of Mn43-GD0.57, which worsened the cycle life. While this material took up an expected 

amount of liquid electrolyte considering its relatively low inorganic content, the overall modulus 

of the bulk coating was much higher than expected. The only distinguishable design trait of Mn43-

GD0.57 is that it has the highest grafting density in this sample set. Perhaps this high grafting 

density led to polymer conformations which were less compressible and an overall high packing 

density in the swollen state.  
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More obvious correlations are seen with the overall ionic conductivity and modulus results. 

The two best performers, Mn40-GD0.46 and Mn329-GD0.21, have higher room temperature ionic 

conductivities, lower Arrhenius activation energies, and lower moduli than the other samples. This 

combination of results supports that the improvement is largely due to the plasticization of the 

polymer and its ability to participate well via segmental chain motion while coordinating with 

lithium ions. Again, the most attributable design trait is grafting density, which is optimized for 

cycle life in the lower-middle of the overall studied range. 

 

 

Figure C.4. Radar chart of various particle brush design attributes (highlighted in green: molecular 

weight (Mn), grafting density (GD), and inorganic content (finorg)) as well as measured properties 
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(highlighted in blue: ionic conductivity at 20 ęC (ů), activation energy (Ea), electrolyte uptake, 

thickness measured with DMA, and modulus measured with DMA). Data in darkest red represents 

the coating with the longest cycle life (Mn40-GD0.46), and data in light pink represents the shortest 

cycle life coating (Mn43-GD0.57). The other samples (Mn40-GD0.33 and Mn329-GD0.21) failed 

at intermediate yet similar cycle numbers. 

 

Battery Characterization. The X-ray CT scans of the postmortem cells in Fig. C.5 demonstrate 

how different particle brush coatings can deliver different morphologies of cycled lithium. The 

bare lithium system in Fig. C.5a shows a uniformly mossy and thick cross section of cycled lithium. 

The various coated lithium systems in Fig. C.5b-d each contain some degree of densified cycled 

lithium. The most uniform-looking morphology of the coated systems is the one with the longest 

cycle life, Mn40-GD0.46. It is also intriguing to see the two strips of a different phase within the 

cycled lithium, pointed out with the blue brackets in Fig. C.5c. It is possible that during failure of 

the cell, lithium could have begun depositing within the coating, separating it from the separator 

(which still contains some adjacent coating according to the measured thickness of the region 

pointed out with the black bracket). This is likely to occur during the failure mode of this cell, 

which is liquid electrolyte depletion. While the lithium reservoir was also being consumed, it is 

not fully consumed in this postmortem cell. This is noticeable in the top and bottom of the X-ray 

CT scan in Fig. C.5c, where the bulk lithium is still present in the largest quantity seen in all 

postmortem scans in Fig. C.5a-d. 

The delamination from the separator is also noticeable in the postmortem Mn329-GD0.21 

in Fig. C.5b, pointed out with a green arrow. In this case, not only is the coating delaminated from 
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itself or the separators, but there are also lithium deposits between the two separators. Again, this 

is likely owing to the depletion of liquid electrolyte as the main failure mode. 

The Electrochemical Impedance Spectroscopy (EIS) data just after cell build in Fig. C.5e 

spans interfacial resistances from around 100 to 450 Ohms. It is likely that Mn40-GD0.46 has 

higher interfacial resistance than Mn329-GD0.21 due to the difference in their liquid electrolyte 

uptake (see Fig. C.4). Mn40-GD0.46 has less electrolyte uptake and a greater proportion of solids 

than liquids at the interface (see Fig. 5.4a). Future work can confirm whether the interfacial 

resistance values settle after a rest period and during cycling. 
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Figure C.5. Extended lithium symmetric cycling at 1 mA/cm2 and 1 mAh/cm2. (a-d) Postmortem 
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cross sectional X-ray tomography scans of (a) bare lithium cell, (b) cell with Mn329-GD0.21 

coating, (c) cell with Mn40-GD0.46, and (d) cell with detached system equivalent to Mn40-

GD0.33. (b) Green arrow highlights lithium plating between separators. Gray and black solid areas 

in bottom right corner comprise the edge of the reconstructed image. (c) Black bracket highlights 

separators and possible coating. Blue brackets highlight new morphology discovered in portions 

of the cycled lithium. Scale bars: 100 µm. (e) EIS of the freshly made cells in (a-d). (f) Voltage vs. 

time plotted for lifespan of cells in (a-d). 

 

 

Figure C.6. Cycles to lithium metal cell failure (defined by polarization of ± 0.6 V or abrupt 

decrease of overpotential characteristic of soft short) compared with (a) inorganic content (finorg) 

and (b) molecular weight (Mn) of the polymer regime of several coating systems. Data at origin 

represents bare lithium symmetric cells. 
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Figure C.7. X-ray CT cross-sectional images of (a) bare lithium and (b) Mn40-GD0.33-coated 

lithium cells post 5 cycles at 1 mA/cm2 and 1 mAh/cm2. Scale bars: 100 µm. 

 

Carbonate Electrolyte. A commercial carbonate-based liquid electrolyte shows another 

comparison of symmetric lithium cycling behavior with and without particle brushes. Like in other 

symmetric cells in this study, 70 µL of 1.3M lithium hexafluorophosphate:lithium 

bis(trifluoromethanesulfonyl)imide (LiPF6:LiFSI) (4:1 v/v) in ethylene carbonate/propylene 

carbonate/diethyl carbonate/ethyl methyl carbonate (EC/PC/DEC/EMC) (30:3:7:60 v/v) + 2 wt% 

vinylene carbonate (VC) + 1.3 wt% 1,3-propane sultone (PS) + 0.7 wt% ethylene sulfate (ESA) 

(SoulBrain) was injected into cells with lithium electrodes coated with the same amount of particle 

brushes with LiTFSI as in the ether-based cells. Another experimental group had the coating 

without LiTFSI present to decouple the effect from the salt. No significant differences were seen 
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in the CT scans or electrochemical data with and without LiTFSI present. This LiTFSI validation 

was also carried out in the ether-based cells, and the same indifference occurred. As carbonates 

are known to facilitate a faster solid electrolyte interphase (SEI) reaction with lithium, the particle 

brush coating is presented with a greater challenge to improve the cycle life.7 This is evident in the 

X-ray CT cross section in the top panel of Fig. C.8b; the cycled lithium in the bare lithium system 

is much thicker than in any other cell scanned in this study, and this is only after 11 cycles. The 

corresponding cycling data in Fig. C.8a exhibits the ñUò shape in its waveforms, discussed to be 

due to drastic changes in surface area during plating and stripping as well as breaking through and 

rebuilding the electrochemical barrier of the thick SEI.8,9 The electrochemical behavior of the 

coated cell does not exhibit the significant difference that the X-ray CT scan does. In the bottom 

panel of Fig. C.8b, the Mn40-GD0.33 coating densified the cycled lithium from the bare system. 

While the morphology is not completely dense on this scale with some dendrites present, the 

overall difference in thickness between the scans in Fig. C.8b is significant, especially considering 

that the Mn40-GD0.33 cell cycled 20 times. 
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Figure C.8. Symmetric lithium metal cycling with carbonate-based electrolyte at 1 mA/cm2 and 1 

mAh/cm2 comparing bare lithium cells to cells with lithium coated with Mn40-GD0.33. (a) Plot 

shows 11 cycles. (b) Cross sectional x-ray tomography slices depicting the cells whose data is 

shown in panel (a). Bare lithium cell (top) was scanned after 12 cycles and has thickness of bulk 

lithium, cycled lithium, and Celgard separators designated. Coated lithium cell (bottom) scanned 

after 20 cycles. Scale bars: 100 µm. 

 

LTO Half Cells. The particle brush coating was further validated with a half cell format pairing 

the lithium metal anode with lithium titanate (LTO, 3.1 mAh cm-2, active loading 19.5 mg cm-2, 

NEI Corp). The lithium anodes were 16 mm diameter, while the LTO cathodes were 14 mm in 

diameter. The Celgard separators, still in a stack of two, were cut into 20 x 20 mm squares. In this 

case, 0.39 MPa of external stack pressure was used along with 100 µL of the ether-based liquid 
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electrolyte. Cells rested for 12 hours before cycling at a fixed rate of C/4. Cells with the Mn40-

GD0.33 coating outlasted the bare lithium cells; the specific charge capacity increases while 

dropping Coulombic efficiency (see Fig. C.9a) which is characteristic of a soft short. This short is 

visually clear in the X-ray CT cross section of this cell in the top panel of Fig. C.9b. A large 

protrusion labeled ñDendriteò formed on the LTO resulting in large deformation of the separators. 

The same effect is seen in the capacity vs. cycle plots of additional bare lithium cells. This effect 

is not seen in the coated systems. With the presence of higher atomic number materials in the LTO 

in the X-ray CT scan, the resolution of the lighter elements such as lithium is diminished, resulting 

in less discernable cycled lithium morphology. 
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Figure C.9. Lithium vs. LTO (3.1 mAh/cm2) half cell performance cycled at C/4. (a) Plot shows 

60 cycles comparing a cell with bare lithium anode to a cell with Mn40-GD0.33 coated lithium 

anode. Top panel shows specific charge (triangles) and discharge (circles) capacities; bottom panel 

shows coulombic efficiency over cycles. (b) Cross sectional x-ray tomography slices of bare 

lithium vs. LTO half cell post 100 cycles (top) and of Mn40-GD0.33 coated lithium vs. LTO half 

cell post 63 cycles (bottom) (data in panel (a)). Thicknesses of LTO, Celgard separators, cycled 

lithium, and bulk lithium denoted as well as a dendrite protruding from LTO in the bare lithium 

cell. Scale bars: 100 µm.  

 

Cell Tear Downs. Additional cells were cycled and torn down at various stages of their cycle life. 

They were subsequently photographed, shown in Fig. C.10. Cycled lithium can be black due to 

surface roughness and shiny due to a smooth surface. While this does not contain the through-the-
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thickness information that the X-ray CT scans offers, it is another approach that validates the 

impact of the particle brushes on cycled lithium morphology. Black lithium is seen on the surface 

of the electrodes in the bare lithium system in both symmetric cells and half cells. It is also seen 

in the particle-polymer mixture or ñdetachedò system. The coated systems often achieve a surface 

that is at least lighter in color and sometimes shiny. The cycled lithium in the Mn40-GD0.33 system 

is a silvery gray, while it is shiniest in the best performing cells with Mn40-GD0.46. Some images 

also show the separators that have been removed from the cell stack up (bare lithium symmetric, 

bare lithium half, detached system symmetric, Mn40-GD0.33 half, Mn40-GD0.46 symmetric, 

Mn329-GD0.21 symmetric). The bare system and the detached system have the most lithium 

embedded in the separator after teardown. The coated lithium cells still do show lithium stuck in 

the separator, but it is of a noticeably lesser degree. 

 

 

 

 

 



187 

 

 

Figure C.10. Digital images of symmetric lithium (top row) and half (lithium vs. LTO, bottom 

row) cell teardowns. Symmetric cell active area is 1.54 cm2 (diameter 14 mm). Half cell lithium 

circle size is 2.01 cm2 (diameter 16 mm). Columns compare bare lithium cells to coated lithium 

cells (Mn40-GD0.33 and its corresponding ñdetachedò system, Mn40-GD0.46, and Mn329-

GD0.21.) Number of cycles (1C for symmetric, C/4 for half cells) denoted underneath each 

image(s). 

 

 

 


































































