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ABSTRACT 
 

Next generation rechargeable lithium metal battery chemistries have the potential to 

revolutionize energy storage.  However, they remain stymied by the same potentially 

catastrophic failure mechanisms that caused the lithium metal anode to be removed 

from commercial rechargeable batteries in the first place: the formation of the solid 

electrolyte interphase (SEI) and dendritic lithium growth. This document is concerned 

with characterizing the morphology of these failure modes and implementing new 

strategies in their prevention.  Here, we investigated a cycled graphite anode and found 

that the build-up of SEI could be seen not only clogging the surface of the electrode, but 

also closing the internal pores. Additionally, lithium electrodes cycled at varying 

temperatures and current densities show significantly different internal void morphology, 

which affects the dendrite deposition volume. A challenge in characterizing lithium 

failure in general and dendrites in particular is that there is no established set of 

conditions at which cells are meant to be tested in order to observe their growth or test 

prevention strategies. A proposed method of standardization was created in the form of 

a baseline of bare lithium performance at particular temperatures and current densities. 

Rather than test long term cycling, this baseline measured the extent of stable lithium 

deposition before signs of dendritic growth were observed. This metric has the 

advantage of being quick and accessible to any lab involved in electrochemical testing.  

Its viability as a means of predicting cell cyclability was tested by comparing the 

performance of different polymer coatings on the lithium electrodes. An increase in the 

extent of stable lithium deposition occurred in parallel to increased long term cycling 

performance.  
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1. Introduction 

1.1 Motivation 

Rechargeable lithium ion batteries have been instrumental in the proliferation of 

personal electronic devices and are at the forefront of development in the hybrid 

transportation and renewable energy storage fields. Lead acid batteries have historically 

been used in transportation due to their low cost and durability, but are an unlikely 

candidate for fully electric or even hybrid vehicles due to their poor cyclability – not to 

mention their toxicity10.  Nickel based batteries can be costly and also suffer from 

relatively poor cycle life and toxicity issues10. The leftmost section of Figure 1.1 looks 

more specifically at currently available chemistries in terms of the distance that a battery 

pack could power an electric vehicle and what such a battery pack would cost, as 

calculated by Bruce et al based on a model of the Nissan Leaf1. Compared to these 

other established battery technologies, Li-ion batteries are desirable for their high 

energy density and efficiency; however, they are not without their faults.  When 

discussing which battery chemistries to develop, one must take a balance of safety, 

performance and cost into consideration.   
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Figure 1.1. Driving range and cost of current and projected battery technologies, 

relative to the specific energy of Li-ion cells and the range of the Nissan Leaf, from 

Bruce et al.1.  For the technologies still under development there is a potential range 

of predicted specific energies, which is represented by the lighter shaded area of 

those bars. 

 

The first attempt to commercialize lithium batteries with solid lithium metal anodes had 

to be discontinued after multiple field failures occurred as a result of the formation of 

dendrites, which internally short-circuited the batteries and resulted in catastrophic 

failure11. Current commercial lithium ion batteries use inactive storage frameworks (e.g. 

graphite) for the electrochemically active lithium. This results in a lower overall energy 

density of the cell in exchange for dendrite growth being significantly less likely under 

most conditions, due to the fact that lithium is stored as the less reactive LixC6 instead of 

deposited as solid lithium11, 12. Unfortunately, dendrites and, consequently, internal short 
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circuits can still occur on graphite anodes at higher charging rates and lower 

temperatures5, 13, which limits the incorporation of lithium batteries into technologies that 

demand faster charging and more versatile performance. 

 

Even in more moderate conditions of temperature and charging rates, limitations still 

exist to lithium ion battery lifetime performance.  The standard nonaqueous electrolyte 

in Li-ion batteries operates across a voltage range that surpasses its thermodynamically 

stable range, which results in various species from the electrolyte reducing on the 

surface of the electrodes, particularly the anode14.  The formation of these reduced 

species, collectively referred to as the Solid Electrolyte Interphase (SEI), correlates to 

an irreversible capacity loss for the battery.  As cycling continues, the SEI can grow until 

it chokes off ion transport completely, causing total “brick” failure of the cell15, 16, or 

irregularities in the thickness/makeup of the SEI can create local variations in the 

current density across the anode surface, which can result in dendrites17, 18.  Ultimately, 

the inherent faults of the anode will reveal themselves sooner or later, and so are better 

addressed head on.  Reexamining the lithium battery chemistries in Figure 1.1 in terms 

of what is possible instead of what is currently practical, one can see that there is 

significant potential in returning to the lithium anode if the inherent safety issue of 

dendrites could be circumvented.  Solid lithium has an order of magnitude increase in 

theoretical specific capacity versus graphite19, 20, which could be the key to the 

expanded range of electric vehicles (EV) needed to make them more competitive in a 

larger section of the market.   
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Another major hurdle to the penetration of EVs into the market is cost.  Although 

increased scale and development of lithium battery manufacturing has led to an 

impressive reduction in cost over the last decade21, there are limits to cost reduction 

that arise purely from economies of scale22. In order to meet the target of $150/kWh, 

considered to be the limit at which EVs are competitive with the internal combustion 

engine (ICE)21, work must be done to change the makeup of the battery itself to more 

efficiently use cell components such as the current collectors and cell casing.  Along 

these lines, commercial interest exists in increasing the thickness of electrodes23, 24, and 

reducing electrode porosity25.  A thicker coating of electrode will require fewer cell 

hardware components overall for the same energy content, but these efforts must be 

balanced against the rate-limiting factor of Li transport and side reactions that occur 

during cycling (SEI growth).  Even if electrode design were perfected to overcome these 

issues, there still remains the base cost of the electrodes themselves - particularly the 

cathode, wherein the most promising materials contain the more expensive elements of 

nickel and cobalt.  At this impasse, the significance of reintroducing the lithium anode 

emerges again, given the potential for development of future state of the art battery 

chemistries such as Li air and Li sulfur26-28, which propose to use cheaper and more 

energy dense electrode materials. 

 

Thus, in the interest of improving the safety, performance and cost of our future energy 

storage infrastructure, this project seeks to better understand the causes of failure in 

lithium battery chemistry. By focusing on the initiation of these failures (ie the growth of 

the SEI and dendrites) at interfaces, I seek a better understanding of the underlying 
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morphological features that trigger them.  Armed with this knowledge and 

acknowledging the variability of an inherently chaotic growth mechanism, even at a 

given set of conditions, I propose a method for creating a baseline against which 

dendrite prevention methods can be tested to determine the most promising candidates 

for future study. 

 

1.2 Objectives 

1. Develop techniques using nano-resolution X-ray computed tomography (nano-CT) to 

study morphological features of failure in lithium batteries 

 a. Investigate the growth of the SEI within internal pores of graphite anodes 

 b. Probe the internal volume of lithium dendrites to determine how subsurface 

morphology influences their formation and growth. 

  

2. Develop an accessible and repeatable test to determine the effectiveness of dendrite 

prevention methods 

 a. Create a baseline tracking the probability of dendritic/irregular growth in a 

standard set of cell conditions  

 b. Compare relative likelihood of irregular lithium deposition with and without the 

presence of a particular dendrite prevention method  
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1.3 Hypotheses 

SEI 

1. The higher Z components of the SEI will increase the local X-ray absorption signal of 

a cycled graphite anode (versus an as received anode) enough that SEI growth in the 

internal anode pore structure can be observed by comparison of the absorption and 

phase contrast nano-CT data. (see §3.1.2) 

2. The SEI forms on and clogs the surface pores of the anode, leaving the internal pore 

structure unaffected. (see §2.2.1) 

 

Lithium Dendrites 

3. Despite the low Z of lithium, the phase contrast mode of the nano-CT will be able to 

observe significant sub-micron morphological features of lithium dendrite morphology. 

(see §3.1.2).  

4. Both the surface and subsurface features of the lithium anode contribute to the 

growth of dendrites. (see §2.2.3) 

5. A repeatable and significant increase in stable continuous deposition without irregular 

growth in a cell, compared to an established baseline, is indicative of improved long 

term cell performance. (see §2.3.1) 
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2. Background 

2.1 Electrochemistry Fundamentals 

2.1.1 Lithium Batteries 

Batteries are devices that store and convert electrical energy and chemical energy.  

Two electrodes are selected such that there exists a spontaneous driving force (the 

electrochemical potential, the specifics of which will be discussed in later sections) for a 

redox reaction to occur between them. These electrodes are then electrically isolated so 

that the flow of electrons taking part in the reaction is diverted outside of the cell itself to 

power an external load. When this external load is disconnected, the reaction is largely 

prevented from taking place (although it’s unlikely the battery will be completely free of 

some small amount of self-discharge), leaving the battery to store the potential electrical 

energy until it is required. In primary cells, this exchange can only occur once; the 

reaction is irreversible.  Secondary cells are designed with a reversible reaction that can 

be recharged and these batteries can be used for up to hundreds or thousands of 

cycles.   
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Figure 2.1. Energy production in a battery versus in an internal combustion engine 

system, adapted from O’Hayre2. 

 

The direct conversion of chemical to electrical energy is desirable in a power source as 

it is more efficient than other methods, such as the ICE.  Figure 2.1 is a schematic look 

at the different energy conversions that occur in each system. When the ICE has to 

convert the heat generated by burning gasoline into useable work, significant amounts 

of energy are lost, and the overall efficiency of the ICE hovers at 20-25%29.  Conversely, 

as the batteries do not involve a temperature change, they are not bound by the Carnot 

limitation30.  Battery efficiency is tracked via the coulombic efficiency, which is a 

measurement of the difference between the energy used to charge the cell versus the 

amount of energy that can be effectively discharged into useable energy. Although there 

will always be some internal resistance in the battery that prevents it from achieving 

100% coulombic efficiency, such as the ohmic loss during charge transport, modern 

lithium batteries have efficiencies around 90%31.  
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Primary lithium metal batteries were first commercialized in the 1970s and their high 

energy density made lithium based chemistry a desirable candidate for secondary 

batteries. When John Goodenough discovered that LiCoO2 could reversibly store and 

discharge lithium in 198232, this paved the way for early commercialization of lithium 

metal secondary batteries from Moli Energy. Unfortunately, these early cells were 

plagued with safety issues as dendrites inevitably caused shorting, resulting in cells 

catching fire and customer injury. Within a few years of this failure, the technology was 

reimagined with a nonreactive graphite as the anode, which acts as a framework to 

store the lithium.  Thus, the cells came to be known as lithium ion batteries, instead of 

lithium metal batteries, as lithium is never meant to be in a metallic state at any point of 

the charging/discharging process. 

 

 

Figure 2.2. Schematic of a lithium (ion) battery. 
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Figure 2.2 shows the basic makeup of a lithium (ion) battery.  The anode is most 

commonly graphite, as discussed previously, until safety concerns can be dealt with to 

allow the reintroduction of a metallic lithium anode. The separator acts as a physical 

barrier to prevent shorting between the electrodes. It must be ionically conducting, to 

allow the transport of lithium ions, but electrically insulating so that all current passes 

through the external load. In a cell with liquid electrolyte, which is also most common, 

the separator is a polymer material infiltrated with organic electrolyte (for example, 

ethylene carbonate containing lithium salt). In solid state batteries, the electrolyte 

material is one solid component that acts both as the transport medium and the physical 

barrier between electrodes (see §2.3.1).  Finally, the cathode is a composite material 

made up of (i) a lithium containing ceramic (LiCoO2, LiMnO2, LiFePO4, etc), (ii) high 

surface area conductive carbon and (iii) a polymer binder that keeps the former two 

components together. Most commonly, both electrodes are coated on a metal current 

collector, which gathers and transports the electrons through the external load.  

 

2.1.2 Thermodynamics 

The electrochemical potential between the two electrodes of the cell is a reflection of the 

difference in the relative affinity that each electrode has for electrons.  An electron 

moving from a higher to a lower chemical potential will be in a lower energy state, thus 

reducing the overall energy of the system. From thermodynamics, it is known that this 

negative change in the energy of the system available to do work (the Gibbs free 

energy) results in a spontaneous reaction. A battery is only a useful power source if its 

reaction occurs spontaneously once the external load is applied. Gibbs free energy 
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cannot be measured directly, but must rather be derived from more physical 

parameters, such as the electric potential of the cell. The electric potential, then, can be 

used to determine if a cell reaction will occur spontaneously. 

 

Δ"# = 	−'()# 

 

Here DGo is the standard change in Gibbs free energy, n is the moles of electrons 

transferred in the reaction, F is Faraday’s constant (96,485 Coulombs per mole of 

electrons) and Eo is the standard potential of the cell.  Potential must be reported for the 

cell as a whole because it is not possible to completely isolate the chemical potential of 

one electrode – rather it must be determined in reference to another electrode. The 

general standardization technique used by electrochemists to determine the potential of 

a single electrode reaction is to report it relative to the standard hydrogen electrode 

(SHE).  The reduction potential of hydrogen in the SHE is taken to be zero, as shown 

below, with a few other reduction potentials relevant to lithium batteries. Species with a 

lower Eo than zero are harder to reduce (easier to oxidize) than hydrogen and vice 

versa. Lithium has one of the highest propensities to oxidize, being an alkali metal, 

which is part of the reason why it is such a promising battery material.   
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These standard potentials are only relevant at standard temperature, pressure, and 

activity of the cell components.  The Nernst equation can be used to adjust this 

standard potential to different cell conditions.  

 

) =	)° −
+,

'(
ln	(0) 

 

Where R is the ideal gas constant, T is the temperature in Kelvin and Q is the reaction 

quotient, an adjusted ratio of products and reactants that can indicate whether the 

reaction is more or less likely to occur than in standard conditions.  The resulting 

potential (E) describes equilibrium under these conditions. Battery reactions do not 

occur at equilibrium and so this value must be adjusted further to take kinetics into 

account, as discussed in the next section. 

 

Although the SHE is the most important reference standard in electrochemistry, the 

SHE itself is very difficult to set up and so in practice it is more common to use other 

reference electrodes (Ag/AgCl, Hg/Hg2SO4, etc), with known potentials. Within a 

particular field of electrochemistry (ie lithium batteries), potentials can also be reported 

with respect to another relevant reduction potential, such as Li+/Li.  

Reduction Eo (V)33 

Cu2+ + 2e- à Cu 0.3419 

2H+ + 2e- à H2 0.000 

Al3+ + 3e- à Al -1.662 

Li+ + e- à Li -3.040 
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Finally, thermodynamics is what allows us to calculate the theoretical specific capacity 

of lithium.  

 

1	(34) ∗ 	96,485
<

=>?	34
	

6.941
A

=>?	BC
∗ 3.6	

<
=Eℎ

= 3,861
	=Eℎ

A
	 

 

This value is only concerned with the peak theoretical capacity of the lithium anode 

itself, and does not take into account the additional mass of necessary and inert battery 

components such as the current collectors, casing, separator, etc.  Even ignoring this 

mass, it is not practically possible to reach the above theoretical capacity, as it would 

require the anode to completely oxidize.  Rather, this value is used as a baseline 

against which other prospective anodes are compared. 

 

2.1.3 Kinetics 

As mentioned above, batteries do not function practically in an equilibrium state, and so 

the observed potential will vary from that predicted by the Nernst equation. This 

variation is referred to as the overpotential (h) and it can be broken down into three 

different types, representing different resistance losses that exist in the cell: activation 

overpotential (hact), ohmic overpotential (hohm), and concentration overpotential (hconc). 

The activation overpotential arises from needing to overcome the activation energy 

barrier of the reaction, and can vary as the surface morphology varies. Deposition could 

occur more easily at a defect site, for instance, and have a lower activation energy 
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barrier.  The ohmic overpotential reflects the ohmic losses that occur due to physical 

resistances in the cell, as the electrons move through the cell components and 

connections, and the ions move through the electrolyte.  This can evolve with cycling as 

contact between components shift and reactions cause local temperature change, but is 

considered to be relatively constant when compared to the other two losses. The 

concentration overpotential arises from what is otherwise known as the mass transport 

loss.  Most simply, there is a limit to how fast the reactant can be transported to the 

electrode surface in order for the reaction to take place.  Once this limiting current is 

reached, the reactant is immediately consumed as soon as it reaches the electrode 

surface – the reaction cannot sustain this pace and the voltage drops precipitously. To 

find the potential of the cell (V), one must take into account all three. 

 

G = ) −	HIJK(C) − 	HLMN(C) 	− 	HJLOJ(C) 

 

Furthermore, each overpotential is a function of current and will be more or less relevant 

depending on the conditions the cell is being run at. A qualitative comparison of the 

effects that these three overpotentials have on the cell potential can be seen in Figure 

2.3. Activation losses dominate at lower currents, whereas transport losses dominate as 

the limiting current is approached. This balance of the various losses can also be 

affected by cell conditions such as the concentration of the electrolyte, the temperature, 

etc. 
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Figure 2.3. Relative qualitative effects of activation, ohmic and 

transport losses as a function of current. 

 

2.1.4 Activation Overpotential and the Butler Volmer Equation 

Under conditions where activation overpotential dominates (ie where charge transfer is 

the limiting step in the reaction), the Butler Volmer equation shows the approximate 

relationship between current and overpotential on a particular electrode. 

  

C = CL Pexp T
UIV(HIJK

+,
W − exp T

UJV(HIJK

+,
WX 

 

Here, aa and ac are the anodic and cathodic charge transfer coefficients, respectively 

(representing the overall symmetry of the reaction backwards and forwards – often 

assumed to be 0.5, or fully symmetric), z is the number of electrons involved in the 

reaction, F is Faraday’s constant, R is the ideal gas constant, T is the temperature, and 

h is the activation overpotential, or the deviation from the thermodynamically calculated 

equilibrium potential that is required to cause the reaction to happen.  This is 
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significantly tied to io, the exchange current density, which is a measure of how freely 

the reaction can proceed backwards and forwards on the surface of the electrode. 

Essentially, when no current flows through the system, there is still some equilibrium 

exchange of electrons back and forth – this is the exchange current. A high exchange 

current density indicates that the barrier to charge transfer is low, therefore the 

activation overpotential will also be low, and vice versa. 

 

 

Figure 2.4.  The combined effect of chemical and electrical energy on the activation 

energy barrier, adapted from O’Hayre2.   

 

Figure 2.4 shows how an applied potential can affect the likelihood that a reaction will 

occur.  When one considers only chemical potential of neutral species, the difference in 

the Gibbs free energy between the reactants and products is only significant if the 
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system has enough energy to surpass the activation energy in the first place.  In the 

case of charged species, however, the potential of the system is a crucial factor in 

determining the relative free energy of the reactant and product.  By applying an 

overpotential in a particular direction, the activation energy barrier can be manipulated 

so that it is lower in the forward direction and higher in the backwards direction, as 

shown. This overpotential is a loss as far as our overall power is concerned, since it 

lowers the voltage available for useful work, but it is necessary to drive the reaction 

forward. 

 

A more drastic deviation from ideal performance arises from the fact that potentials are 

not applied equally across the surface.  Surface roughness leads to a variation in sites 

available for deposition, which will have different exchange current densities associated 

with them and thus different required activation energy barriers that must be overcome 

for deposition to occur. If deposition is favored in a few highly concentrated areas rather 

than spread more evenly across the entire surface, dendrites or other irregular growth 

can occur, resulting in cell failure.  Dendrites will be discussed more fully in future 

sections.  First, conditions relevant to the other two types of overpotentials 

(concentration and ohmic), will be discussed.  

 

2.1.5 Deposition Conditions at a Surface: the Debye Length 

In order to discuss the concentration overpotential, one must first discuss the interface 

of the electrolyte and the electrode. A significant factor in electrodeposition is the 

distribution of ions at the surface of the electrode and the resulting shielding effect they 
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have between the electrode and the rest of the electrolyte. This shielding effect is 

characterized by the Debye Length (KD-1), which is a measurement of how far the 

potential at the electrode surface penetrates into the solution. The Gouy-Chapman 

theory of the diffuse double layer approximates this distance.              
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From this, one sees that higher concentrations and higher valencies of solvated ions will 

result in a shorter KD-1.�This solution requires a linearization of the Poisson-Boltzman 

equation which is only valid for cases in which the potential at the surface is a 

significantly smaller than the thermal energy of the solution. When an electrode is at a 

higher potential relative to the thermal energy, this approximation does not provide a 

strictly accurate estimation of the Debye Length. This approximation also assumes a 

single, symmetric electrolyte (ions of the same valence), and so it must be corrected for 

mixed asymmetric electrolytes to take ion interaction into account. Further, Gouy-

Chapman treated ions in solution as point charges, and so did not consider how ion-ion 

interactions would create resistance in an approach to the electrode surface. The 

development of a model to correct for these deviations in the experimental system used 

in this work is nontrivial.34  

 

A prevailing model used to provide a simplified physical understanding of this fairly 

complex system is the Stern correction to the Gouy-Chapman model. Stern theorized 
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the existence of a rigid layer of ions with finite size in close proximity to the electrode 

surface – typically understood to largely consist of solvent molecules that have oriented 

themselves in the direction of the electric field coming from the electrode. The potential 

drops linearly across this Stern layer and then decays exponentially outward into 

solution, as seen in Figure 2.5. This corresponds to a concentration gradient in the 

solvent, with solvated counter ions existing in significantly higher concentrations close to 

the electrode/electrolyte interface and then dropping off to the bulk concentration at 

distances closer to KD-1.  

 

In order to undergo charge transfer during electrodeposition, the solvated ions must 

reach the electrode surface despite the presence of solvent molecules strongly 

interacting with the surface. The extra driving force required to allow the ions through is 

part of what makes up the overpotential associated with the reaction.  

 

Figure 2.5. Depiction of ion distribution at an electrode surface (left) and the resulting 

exponentially decay in potential from that surface (right). M denotes the metal 

surface and S denotes the Stern layer.  

 



 31 

 

2.1.6 Concentration Overpotential 

The Butler Volmer model of electrokinetics can only be applied to a specific set of 

circumstances where activation control is in effect, because it does not take into 

account the concentration effects at high rates.  These arise because the reaction can 

only be successfully driven at rates up to a particular rate, known as the limiting current, 

iL.  At currents approaching the limiting current, the system is under mixed control 

conditions, as the concentration of the reactant is severely diminished at the electrode 

surface up to the limiting current condition, where it is completely depleted.  At this point 

the exponential behavior predicted by the Butler-Volmer model levels off and the 

voltage drops precipitously. 

 

Ci =
23k<l

mIB
 

 

The limiting current was found by Brissot et al35 to be determined by the elementary 

charge (e), the diffusion constant (D), the initial concentration of the electrolyte (C0), the 

anionic transfer number (ta), and the distance between the electrodes (L).  The anion 

transference number represents the relative amount of charge carried by anions 

compared to the total amount of charge carried by anions and cations, represented by 

the ion mobilities µa and µc, respectively.   

 

mI =
µ
I

µ
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The diffusion constant becomes more complex when the electrolyte must move through 

a porous material, where one must consider the porosity and tortuosity of the reacting 

surface.  Lithium battery electrolytes have to contend with not only intercalating 

electrode materials, but also a complex resistive layer on the surface of the electrodes: 

the Solid Electrolyte Interphase (SEI), which will be discussed in §2.2.1. Another 

important factor to consider is the effect of temperature on the diffusion coefficient.  

Lower temperatures slow down diffusion, which lowers the limiting current threshold and 

exacerbates the effects of an uneven distribution of current along the surface, as will be 

shown in the dendrites section.  The diffusion layer exists beyond the diffuse layer of the 

double layer, discussed above, where there is no gradient in potential but a possible 

gradient of concentration.  Its length is affected by the transport conditions of the 

system, such as the effective diffusivity, the bulk concentration, and other factors that 

affect the double layer, as discussed above.  The shorter the diffusion layer, which 

would correspond to facile transport conditions, the larger the threshold that exists to hit 

the limiting current. 

 

2.1.7 Effects of Combined Losses: Series Resistance 

When performing tests on an electrochemical system, it can be difficult to distinguish 

the individual contributions of each type of overpotential to the overall loss in voltage. 

Rather, one must consider the gross change in cycling performance and determine the 

likelihood of one particular loss mechanism dominating, or the mixed presence of 

multiple overpotentials. One way to check how the resistive elements of the cell change 
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with cycling is to calculate the series resistance of the cell.  This is found by tracking the 

voltage drop (or jump) that occurs when the current direction is switched between 

plating and stripping, denoted as states 1 and 2 in the equation below. This equation 

allows one to track how relative resistance changes in the cell and how they evolve with 

cycling.  

 

+opqfpo = 	 r
Ga − G[

Ca − C[
r		 

 

2.2 Lithium Battery Failure 

This work is primarily concerned with two types of battery failure: the continuous 

formation of a Solid Electrolyte Interphase (SEI) layer on the electrodes, and the growth 

of dendrites.  The former is an impediment to the durability of cells with long cycle lives, 

and the latter is a serious safety hazard that stands in the way of implementation of 

lithium ion batteries in a wider range of conditions and developments in battery 

chemistries beyond lithium ion.   
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2.2.1 Solid Electrolyte Interphase (SEI)  

 

Figure 2.6. A schematic representation of the SEI’s mosaic makeup, from 

Peled et al.3, adapted by Argonne National Labs.4 

 

Standard non-aqueous electrolyte Li-ion batteries operate across a voltage range that, 

at times, surpasses the thermodynamic stability limit of the organic solvents used in the 

electrolyte.   This results in various species decomposing and coating the surface of the 

electrodes, a process commonly called SEI formation. The composition of the SEI 

depends on the cell conditions, such as the electrolyte makeup and the electrochemical 

parameters used in the first formation cycle of the battery. An example is shown in 

Figure 2.6. In general, the SEI must be an ionic conductor, to allow lithium ion transport, 

and an electronic resistor, to prevent further side reactions that cause SEI build up.  A 

stable SEI film is important to the long term cyclability of the battery, as an SEI that 
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grows too thick can cause high internal resistance in the battery and an SEI that doesn’t 

have good mechanical strength and flexibility can break – leaving the anode surface 

bare to further side reactions/SEI build up and potentially leading to dendrite formation, 

as will be discussed in §2.2.3. A proposed method of dendrite prevention, discussed in 

§2.3.1, is the introduction of an artificial SEI with more stable long-term properties than 

the native SEI that forms when the electrode contacts the electrolyte.  

 

The bulk of SEI growth has been found to occur mainly on the surface of the anode, and 

historically has been attributed to electrolyte breakdown occurring only on the anode 

side of the cell,14, 36 but as higher voltage cathode materials have been developed, there 

is increasing evidence that oxidized products of the electrolyte can increase the 

resistance of the cathode,37, 38 and, more significantly, migrate to the anode where they 

undergo a reduction/precipitation reaction.39, 40  This movement of oxidized species 

created at higher voltage cathodes under high states of charge is thought to explain the 

formation of passivation layers on anodes that operate at less extreme potentials, such 

as the lithium titanium oxide anode electrode that exhibits no SEI formation when paired 

with the lower potential LiFePO4 cathode material, yet shows significant build up when 

paired with higher operating potential cathodes.41, 42  As such, battery products that use 

higher capacity and higher voltage cathode systems combined with thick and dense 

anode structures, such as the graphite anodes used for consumer electronics and/or 

long range electric vehicles, will likely be more prone to catastrophic SEI build up. The 

excessive build up fills pores to the extent that lithium ion transport through the 
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electrode becomes highly resistive, generating large overpotential and reducing 

capacity at a given C-rate40. 

 

The accumulation of the reduced precipitate species that compose the SEI correlates to 

an irreversible capacity loss for the battery for two reasons: (1) lithium ions are 

consumed during SEI formation and (2) electrode pores are blocked, creating a less 

porous and more resistive path for lithium ion transport.15, 16  Although conclusive work 

has been done proving that uninhibited growth of the SEI will lead to cell failure,43, 44 

more work needs to be done to characterize the nature of SEI growth throughout the 

electrode.  The simulation work of Pinson and Bazant45 suggested that the thickness of 

the electrode is a significant factor: thinner electrodes would grow SEI uniformly in their 

pores, whereas thicker (and also more dense, less porous) electrodes would tend to 

build up SEI on the surface. Chattopadhyay et al.46 suggested that the rate of SEI 

formation is anisotropic and depends on the underlying surface orientation. This work 

was particularly interested in the proposed schematic mechanism of Burns et al.40, 

wherein oxidized species from the cathode migrated to and were reduced at the anode, 

primarily blocking the pores at the surface.  Hypothesis 2 seeks to determine the extent 

to which this proposed mechanism is borne out in the observed morphology of a cycled 

electrode. 

 

Hypothesis 2: The SEI forms on and clogs the surface pores of the anode, leaving 

the internal pore structure unaffected. 
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2.2.2 Dendrites: Theoretical Introduction  

Dendrites are irregular depositions on an electrode/electrolyte interface that arise from 

mass transport limiting effects.  When the concentration of the reducing ion (Li+, Cu2+, 

etc) drops to zero at the surface of the electrode that is being deposited on, there is 

significant resistance against thermodynamically favorable homogeneous plating and 

kinetics considerations dominate, resulting in non-uniform highly anisotropic deposition 

morphologies. Irregularities on the electrode surface alter the local diffusion gradient of 

the reducing ion from the simplified linear model to a spherical one (Figure 2.7). This 

diffusion concentrates deposition at the tip of the protrusion and causes it to grow out 

from the electrode surface at angles determined by the metal’s closest packed 

directions47. As the tip of the dendrite moves from the surface through the diffusion 

boundary layer, it encounters higher concentrations of metal salt, which promote its 

growth even further13. Ultimately, the surface of the dendrite itself can induce a 

nucleation site for dendritic growth, causing the single (primary) dendrite filament to 

branch – hence the name, from the tree like appearance in some traditional metal 

systems (lead, copper).   

 

 

Figure 2.7. Comparison of linear and spherical 

diffusion gradients, adapted from Akolkar5. 
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The time it takes for the local ion concentration to drop to the point that dendritic growth 

initiates is called the Sand’s time, from Henry J. Sand’s work with copper deposition48.  

An equation for Sand’s time (τs) was reported by Rosso et al49 as a function of the 

ambipolar diffusion constant (D), initial electrolyte concentration (C0), the elementary 

charge (e), the cation charge # (zc), the current density (i), and the anion (µa) and cation 

(µc) mobilities. 
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Clearly, one can conclude that dendrites are favored in conditions that would slow mass 

transport kinetics at the surface of the electrode, such as low electrolyte concentration, 

conductivity, and temperature, in addition to high currents and overpotentials50-52.  

Additionally, one sees that cation vs anion mobility is significant: specifically, a lower 

anion mobility leads to a longer Sand’s time.  

 

2.2.3 Dendrites in Lithium Batteries 

When lithium primary (or single use) cells were introduced onto the market in the 1970s, 

their impact was immediately felt due to their impressive energy density compared to 

other energy storage technologies.  Within the next couple decades, significant work 

was undertaken to investigate a secondary (or rechargeable) lithium battery that would 

allow for more efficient use of the cells.  However, attempts to commercialize batteries 

with lithium metal anodes had to be discontinued after multiple field failures occurred as 
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a result of the formation of dendrites, which internally short-circuited the batteries and 

resulted in catastrophic failure12, 53. This led to the production of alternative anode 

materials to replace solid lithium, mostly notably graphite in the majority of commercial 

cells used today. Graphite acts as an inactive storage framework for the lithium ions, 

which are stored as the less reactive LixC6 instead of being deposited as solid lithium.  

This results in a lower overall energy density of the cell in exchange for dendrite growth 

being significantly less likely under most conditions. Unfortunately, dendrites and, 

consequently, internal short circuits can still occur at higher charging rates and lower 

temperatures, which limits the incorporation of lithium ion batteries into technologies 

that demand faster charging and more versatile performance. In this work, the author 

develops new methods to better understand dendrite nucleation and growth in order to 

ultimately design strategies of prevention. This is important both to (1) improve the 

performance and safety of our current energy storage infrastructure but also (2) to pave 

the way for the development of future state of the art battery chemistries such as lithium 

air and lithium sulfur26-28, which reintroduce the lithium metal anode and regain its 

energy capacity. 

 

Decades of studies have proven that irregular or dendritic growth in lithium batteries is 

ultimately more complicated that the traditional aqueous metal dendrite systems.  There 

are more factors to consider, most notably the SEI, that can lead to a variety of different 

growth mechanisms and morphologies.  Terms like “needle-like”, “whisker”, and 

“mossy” are used to distinguish between morphologies, but there is no established 

consensus on how to delineate these categories54, 55.  Most often, any irregular growth 
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is referred to as dendritic and any cell short during cycling is assumed to have been 

caused by dendrites.  The battery community is currently in the liminal stages of 

recognizing it has to be more specific in the discourse of this phenomena. Until 

consensus is reached, this thesis will largely refer to such growth as dendritic when 

discussing the work of others who have used such terminology or cases where 

dendrites can clearly be seen, and irregular when discussing the general issues of 

unfavorable deposition. 

 

Previously, several innovative methods have been developed to investigate in-operando 

dendrite propagation. Howlett et al.56 created a sealed transparent cell and used optical 

microscopy to record the growth of mossy “dead” lithium on the surface of lithium metal 

electrodes. Crowther et al.53 designed a microfluidic cell which also used optical 

microscopy to track the growth of lithium dendrites in liquid electrolytes. Optical 

microscopy naturally suffers from lower resolution (on the micron scale) and so 

dendrites cannot be observed in these conditions until they have grown to a fairly 

significant size. Dollé et al57 used live scanning SEM to observe the lithium surface 

interface with the polymer electrolyte as dendrites grew and delaminated the electrode 

from the electrolyte. However, the electron beam itself caused the polymer to degrade, 

which limited the time scale and conditions that this phenomenon could be tracked. 
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Figure 2.8. A schematic of how SEI cracking can cause dendrite growth, modified 

from the work of Cohen et al.6 

 

In the absence of a technique that allows for the high-resolution view of dendrite growth, 

several mechanisms have been suggested for dendrite nucleation. Early work by 

Yamaki et al.58 indicated that the non-uniform deposition and dissolution of lithium onto 

the anode during cycling resulted in increased strain on the SEI. This pressure would 

ultimately lead to cracks in the SEI layer, exposing bare lithium to the electrolyte for 

preferential deposition with dendritic behavior. Figure 2.8 shows that SEI cracking as a 

major onset cause of dendrites has been supported in further AFM studies by Cohen et 

al.6 (as well as SEM studies by Stark et al.59). However, these techniques are limited to 
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surface observations and so cannot observe the initial lithium build up under the SEI 

until the metal is extruded from these cracks.  

 

 

 

Figure 2.9. Micro-CT radiographs and 3D reconstructions showing subsurface 

growth in lithium films during electrochemical charging, taken from work by 

Harry et al.7 

 

Further studies report other methods for imaging the morphology of Li electrodes with 

the intent of tracking dendrites formed during charging. Some of these methods include: 

scanning transmission electron microscopy (STEM) for 2D images with resolution in the 

nanometer regime60, 61, scanning electron microscopy-focused ion beam (SEM-FIB) 

where the sample cross-sections are obtained through destructive ion milling62, 63, 7Li 

magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR) where the 

Li chemical shifts are correlated and used to determine the local microstructures64, 65, 

and micro-scale resolution x-ray computed tomography (micro-CT)7, 66-69.  Micro-CT 
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allows for the 3D morphologies of internal structures to be non-destructively 

reconstructed with a resolution of 1 µm and can be performed on samples sealed in gas 

or liquid environments.  It was with this last technique that Harry et al.7  discovered that 

understanding dendrite nucleation is not just an issue of being able to observe the 

surface of the lithium under the passivating SEI layer. In fact, significant activity under 

the surface of the lithium itself needs to be tracked in order to fully understand lithium 

dendrite nucleation (Figure 2.9).  Unfortunately, the resolution of the micro-CT was not 

sufficient to adequately resolve these subsurface growths in order to fully understand 

them, leaving the path open for further study.  This is the basis of Hypothesis 4. 

 

Hypothesis 4. Both the surface and subsurface features of the lithium anode 

contribute to the growth of dendrites 

 

2.2.4 Dendritic Failure  
 

By expanding the category of what is considered dendritic growth, one must reconsider 

certain conclusions that were made about dendrites in traditional aqueous systems.  For 

instance: is a lithium battery more likely to experience dendritic failure at higher or lower 

temperatures? Akolkar’s modeling work13 on lithium dendrites predicted that there is a 

critical lower bound of temperature, under which uncontrolled dendrite growth will occur.  

Lithium deposition studies have shown more dendritic growth at lower temperatures. 

Ota et al.70 found that lithium deposited at 0 °C was more dendritic than at 25 or 50 °C.  

Love et al.50 saw significantly more irregular growth at -10 °C compared to 5 or 20 °C.  

However, it was the deposition at 5 °C that shorted the cell fastest.  Additionally, Park et 
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al.71 showed that it took the longest for deposition at -5 °C to short a symmetrical lithium 

coin cell, when compared to deposition at 15 and 35 °C with the same current density.  

It appears that it is not only relevant that dendritic growth occurs, but what type of 

dendritic growth is occurring. 

 

One way of categorizing dendrites is by acknowledging the different mechanisms and 

morphologies that arise from where the growth is being driven from.  Tip growth most 

closely resembles the behavior of traditional metal dendrite deposition, driven by mass 

transport phenomena. Akolkar predicted that even at 40% of the limiting current density, 

the local current density experienced by the tip of the dendrite is 60% greater than that 

of the surface13.  Bai et al.72 showed that tip growth was required to short a ceramic 

separator in their cell.  Cheng et al.48 also discuss how dendrites driven by tip growth 

are the primary cause of shorting in batteries.   

  

Tip growth cannot explain all dendritic behavior, as lithium dendrite growth is more 

complicated than traditional diffusion and mass transport models. Crowther et al53 

observed that lithium dendrites still grew in their microfluidic flow cells – conditions 

where concentration depletion is no longer an issue – and in fact, the growth was 

observed to initiate faster in conditions where the limiting current density was increased. 

Similarly, Steiger at al.73 observed side growth initiating from kinks in the dendrite while 

the tip remained unchanged, although the current density was low enough that no 

concentration gradient was expected. Here we must return to the concept of lithium 

deposition below the SEI causing it to crack outward, extruding the lithium from the 
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crack.  Since the proposed mechanism shown in Figure 2.86, further studies have 

shown that SEI cracking can occur at lower current densities as well, depending on the 

cell conditions48, 55.  This can account for both root growth and the above described side 

growth, if the SEI is thin enough at a particular kinked section of the dendrite73. Although 

this mechanism for dendrite growth is not considered to be responsible for cell shorting, 

shorting is not the only way a battery can fail.  Exposing more bare lithium to the 

electrolyte incurs more SEI growth and thus a depletion of the cell’s capacity.  

Furthermore, this new SEI growth will be thinner than the SEI that has built up on the 

previously exposed lithium. When lithium is stripped during cycling, it will preferentially 

be removed from the area of thinnest SEI74, 75. In the case of root growth, this can lead 

in significant sections of lithium dendrite that are electronically insulated from the cycling 

process, as shown in Figure 2.10.  This isolated lithium is often referred to as “dead 

lithium” and is a significant drain on the cell’s capacity that can ultimately lead to failure.   
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Figure 2.10 Selective dissolution of lithium near the substrate during lithium stripping 

results in electronic isolation of the rest of the dendrite network, resulting in “dead 

lithium” 

 

In the testing conditions of a full cell, mixed variables can cause different types of 

dendrite growth to occur concurrently.  The relative presence of different growth types 

and their likelihood to cause cell failure depends on a wide variety of cell conditions 

including current density, temperature, pressure, electrolyte concentration, solvent, and 

salt. The only constant is that any irregular dendritic growth can ultimately lead to 

failure, and therefore, one must try to prevent all modes of dendritic growth from 

occurring.  Before an effective prevention strategy can be implemented, however, one 

must conclusively determine the likelihood of irregular or dendritic growth to occur in a 

particular set of conditions – standardizing all cell parameters listed above as much as 

possible.  Then one can compare the performance of a particular dendrite prevention 

method to an established baseline.  One concern is that the array of variables that affect 
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dendrite growth is so complex that not all of them are able to be accounted for in 

replicate experiments.  

 

2.3. Dendrite Prevention Methods 
 

The long-term interest in preventing dendrites has resulted in a wide assortment of 

proposed prevention methods.  Some involve changing the cell components 

themselves. For instance, the current collector in the cell is typically a flat sheet of 

copper. By increasing the surface area of the copper, either as copper microchannels76, 

or copper nanowires77, the local current densities on the surface of the anode will 

decrease and thus the likelihood for dendrites to form due to mass transport restrictions.  

A further high surface area electrode framework was introduced in the work of Zhamu et 

al.78, who plated lithium onto graphene sheets.   Another avenue of dendrite prevention 

is changing the cell cycling conditions.  Increased pressure has been widely shown to 

increase cyclability48, 55, 70, 79, ostensibly by suppressing dendritic growth. This is 

relevant to consider when one acknowledges that many studies observing dendrites are 

done outside of a typical coin cell or battery enclosure and so do not take typical 

pressure conditions into account. Mayers et al.80 used coarse grained simulation to 

arrive at their suggestion to charge the lithium electrode in pulses, as opposed to 

constant charging. These interruptions in charging would be intended to allow the 

system to recover from any accumulating mass transport overpotential as the lithium ion 

concentration at the electrode dropped.   
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Electrolyte conditions play a major role in cell performance and the likelihood of dendrite 

growth. A straightforward way to attempt dendrite prevention is to increase the 

concentration of the lithium salt, thus making ion depletion less likely.  Jeong et al.81 

found improved coulombic efficiency at higher salt concentrations, and also used TEM 

to determine a noticeable difference in the SEI thickness depending on electrolyte 

conditions (the higher concentration had a thinner SEI). Qian et al.82 investigated some 

of the highest salt concentrations in the literature (4 M compared to the typical 1 M in 

commercial electrolytes) and reported a continuing trend of improved performance at 

higher concentrations.  A cautionary result was exhibited in the work of Park et al.83, 

which showed that the increased viscosity from higher salt concentrations led to a 

decrease in the time it took for their cells to short. Rather than adjust the lithium salt 

concentration, Ding et al.18 added small concentrations of Cs and Rb salts (0.0001-

0.1M).  The model was that the cations would be drawn toward developing protrusions 

on the lithium surface and there form an electrostatic shield, making it more favorable 

for lithium to reduce elsewhere on the electrode surface. Experimental results showed 

an improvement of deposited film homogeneity with the added alkali salts, but a 

reduction in coulombic efficiency.  Solid state electrolytes are also of interest and will be 

discussed in §2.3.1. 

 

From the Sand’s time equation, one can see that a lower anion mobility will increase the 

stable deposition time before dendrites occur.  A lower mobility means the anions 

remain near the electrode during charging, increasing the pull of cations to the surface55 

and alleviating some concentration overpotential issues.  Additionally, Tikekar et al.84 
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found in their model that by immobilizing anions at the electrode surface, a lower bound 

to local conductivity was established and this led to more stable growth during 

deposition. Lu et al.85 used ionic liquid tethered inorganic nanostructures on the 

electrode surface not only to immobilize anions, but also to create a porous network that 

dendrites would have difficulty growing through.  They reported a significant increase in 

the time to dendrite growth onset when compared to a bare electrode.  Another way of 

conceptualizing a system with low anion mobility is to maximize the lithium mobility 

towards the goal of a single ion conducting electrolyte. Schaefer et al.86 added inorganic 

nanoparticles with tethered organic components to battery electrolytes, which resulted 

in a lithium transference number of 0.7-0.96. 

 

The SEI plays a crucial role in the stability of lithium deposition, since it has a significant 

role in determining the current distribution on the electrode’s surface.  Basile et al.87 

showed that replacing the typical formation cycle of the SEI with a twelve-day soak of 

the lithium electrodes in ionic liquid led to stable cycling for 1000s of cycles. Such a long 

formation procedure isn’t commercially desirable, and so more groups have focused on 

electrolyte additives that can influence the SEI to form in more desirable configurations. 

Zhang et al88 used small concentrations of Cs salt to induce lithium deposition as 

compact nanorods rather than dendrites. This improved stability was credited to the fact 

that the Cs salt addition enriched the LiF content in the SEI. Taking a more direct 

approach, Lu et al.89 added halogenated salts to increase the halogen content in the 

SEI. Adding LiF improved capacity retention over 100+ cycles.  Guo et al.90 investigated 

VC-LiNO3 as an additive and found that the coulombic efficiency increased and the 
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resistance of the SEI was stable as cycling continued – compared to a bare lithium 

electrode where the resistance of the SEI increased with cycling. By forming a more 

stable SEI, these methods are avoiding hot spots of particularly high current density on 

the electrode surface that lead to dendrite growth, but trace water in the organic 

solvents could still cause undesirable side reactions91.   

 

A more direct approach to improving the SEI’s properties is to apply an artificial SEI to 

the surface of the lithium electrode.  This can take many forms.  Alumina coatings have 

been broadly investigated92-94 for their potential to prevent hot spots of irregular lithium 

deposition early on.  Other groups have studied the dendrite prevention potential of 

silanes95, chlorosilanes17, tetraethoxysilane96, Li3N97, graphite98, hollow carbon 

nanospheres99, or LiF applied directly to the surface via magnetron sputtering100.  What 

this work is particularly interested in is the application of solid electrolyte as an artificial 

SEI. Solid electrolyte as a dendrite prevention strategy have the potential to (1) create a 

more stable interface between electrolyte and electrode, (2) work as a single ion 

conductor and (3) act as a physical barrier to stymie dendrite growth. 

 

2.3.1 Solid Electrolyte  

The lithium battery community has been motivated for some time to find an alternative 

electrolyte to the standard liquid organic solvents due to their innate flammability, 

particularly when paired with the potential for dendrite growth in the battery. Solid 

electrolytes are a proposed alternative, having been in development since the initial 

work on secondary lithium ion cells and are used in current technological applications 
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that don’t require high rate capability. They offer benefits in the form of increased safety, 

as they are both less reactive and their mechanical properties allow them to potentially 

act as a physical barrier to stymie dendrite growth across the membrane, in addition to 

increased durability and geometrical flexibility101. There are many different classes of 

solid electrolyte, including inorganic ceramics102, “dry” polymer electrolytes where a 

lithium salt is incorporated into the solid polymer, gel electrolytes where a lithium salt 

containing organic solvent (or combination of solvents) is mixed with the solid polymer, 

and composite electrolytes where various fillers or nanoparticles are combined with the 

solid polymer103. 

 

In general, solid electrolytes have a significant burden of expected properties they must 

aspire to: good conductivity and transport of lithium ions, stability over a wide 

electrochemical range, durable to various thermal and chemical environments, safety, 

and good contact with the electrodes. A perennial detractor of solid electrolytes is their 

lower conductivity compared to liquid electrolytes. Polyethylene oxide (PEO), a common 

polymer electrolyte, had a room temperature conductivity of 10-8 S/cm when it was first 

developed104, compared to an order of 10-2 S/cm for liquid organic solvents. This has 

improved over time, but it’s an ongoing balancing act. Ion transport is easiest in 

amorphous sections of polymer, as the interaction between the lithium and the polymer 

is less rigid. However, the lower the crystallinity, the mechanical stability of the polymer 

suffers. Slower transport properties also mean that concentration polarization is more of 

an issue in solid polymers. Immobilizing anions could potentially fix this, but reducing 

the mobility of charged particles will also reduce the conductivity of the system overall.  
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Even after one finds a balance between the amorphous and crystalline phases, the 

conductivity and the mechanical stability, one must still concern themselves with the 

regular distribution of crosslinking within the polymer. Irregularity within the polymer can 

cause inhomogeneity in the current distribution across the electrode, which can cause 

uneven growth in the SEI and/or the nucleation of dendrites.  

 

The interface between the electrode surface and the electrolyte is also a significant 

factor in the cyclability of the cell for this reason, because it needs to be good enough 

(here meaning low impedance and high homogeneity) to prevent inhomogeneous 

current distribution, but hopefully not so strong that it immobilizes a layer of polymer 

near the electrode surface and hinders ion transport. Although solid electrolytes can be 

more stable than liquid electrolytes in certain circumstances, they can also break down 

at the lithium surface. To increase conductivity in solid polymer electrolytes, gel 

electrolytes are often used104 – incorporating organic liquid electrolytes into the cell. 

With these liquid electrolytes come the same undesirable SEI products as before: LiOH, 

ROLi (where R is an alkyl group), LiCO3, RCOOLi, etc. Solid polymer electrolyte on its 

own is stable at a higher voltage, but if that is exceeded lithium salts have been shown 

to build up on the lithium surface103.  Although a lithium salt rich SEI was shown to 

suppress dendrites, these cells can still fail.  With ceramic electrolytes, high valence 

state components in the ceramic can become unstable at the lithium surface and 

reduce105 – forming what is referred to as a mixed conducting interphase. 
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Many of these issues arise from bulk properties of the solid electrolytes acting for the 

whole cell.  Used at the appropriate voltages, a pure solid polymer can be stable against 

the surface of the lithium, but it suffers from conductivity issues and is more likely to 

lose contact with the electrodes as it simultaneously shifts against the anode and 

cathode during cycling. The surface of the lithium anode is the most relevant area for 

the solid electrolyte to be in contact with to prevent dendrites.  It follows that there is 

increasing interest in the application of a protective layer of solid electrolyte to the 

lithium surface to act as an artificial SEI in a cell that primarily contains liquid electrolyte. 

By significantly decreasing the thickness of the polymer, one also decreases the 

conductivity drop as the ions travel through it. Selecting polymers with the right 

mechanical properties allows the artificial SEI to compensate for volume changes in the 

electrode and maintain contact during cycling, unlike ceramic solid electrolytes which 

can fracture in these conditions106.  To compensate Yang et al.106 mixed garnet and 

polymer for its increased stability against the lithium. Zheng et al.107 showed their 

polymer able to withstand significant distortion from the point of a needle without the 

needle piercing through. Acting on the surface of a lithium electrode, cycling stability 

was increased when compared to a bare lithium electrode.  Similar improvements were 

shown when polydimethylsiloxane (or silly putty) was used as the coating108, 109. In 

these cases, the polymer is applied directly to the copper and the lithium is deposited 

between the two layers.  Other groups have chosen to apply the coating directly to the 

surface of the lithium electrode. Li et al.110 used in-situ AFM to show that a lithium 

polyacrylic acid (LiPAA) coated lithium electrode had a significantly smoother surface 

during plating and stripping when compared to a bare electrode.  Tu et al111 directly 
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applied their ionomer to the lithium surface at different thicknesses to find the ideal for 

cycling.  The thinnest coating had the lowest impedence and highest coulombic 

efficiency overall. 

 

Having established that a polymer coating on lithium has the potential to be an effective 

dendrite prevention strategy, significant work remains to optimize the technique. In 

addition to determining the best polymer coating for a particular system, one must also 

consider the parameters of polymer molecular weight, coating application process, 

coating thickness, etc. Cycling a matrix of cells with these parameters for a significant 

number of cycles can take hundreds of hours per cell.  Here, I intend to show how the 

performance of different polymer coatings can be predicted using the baseline 

established in the course of this work, saving researchers the need to perform long term 

cycling on every variation of their dendrite suppression technique.  This leads to 

Hypothesis 5. 

 

Hypothesis 5. A repeatable and significant increase in stable continuous 

deposition without irregular growth in a cell, compared to an established 

baseline, is indicative of improved long term cell performance. 

 

  



 55 

 
3. Experimental Techniques 

3.1 Morphological Characterization 

3.1.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy allows scientists to image the morphology of their 

samples down to the nanometer scale.  It works by passing a focused beam of high 

energy (5-30 kV) electrons over a sample in a vacuum environment, which causes 

various effects within the sample – most importantly the emission of secondary and 

backscattered electrons.  These electrons travel through the vacuum to reach one of 

two detectors, depending on the mode of interest.  Secondary electrons are created by 

the inelastic collision of the primary beam electron with an atom, emitting a low energy 

(~50 eV) electron from the k shell of the atom.  This electron has a low enough energy 

that it can be electrostatically collected by an Everhart-Thornley detector without 

disturbing the main beam of electrons. Secondary electrons are harvested from 

relatively close to the sample’s surface and are best used to give a finely detailed 

picture of surface morphology.  Backscattered electrons result from the elastic collision 

of a beam electron with an atom and can have energies up to the operating voltage. 

This is too high energy for the Everhart-Thornley to attract them and so a solid state 

detector is in place instead. Heavier Z elements are more likely to backscatter electrons 

and therefore, this technique can be used to show relative elemental composition in 

addition to general surface morphology 
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3.1.2 Nano-resolution X-ray Computed Tomography (nano-CT)  

The Zeiss Xradia UltraXRM-200 nano-CT is an X-Ray imaging technique notable for its 

ability to nondestructively investigate materials at a subsurface level with high 

resolution. A diagram of the system’s internal optics is shown in Figure 3.1. Cu K alpha 

X-Rays are generated and passed through a chromium filter to remove lower energy X-

Rays that would otherwise result in beam hardening artifacts. After passing through the 

sample, the photons encounter the zone plate lens, which is made up of precisely 

spaced high aspect ratio gold rings. The diffraction from the outermost rings of the zone 

plate lens is responsible for the high resolution of the instrument.8 

 

The Zeiss system has two zone plate lenses, corresponding to the two scales of 

imaging possible with this instrument: Large Field of View (LFOV) and High Resolution 

(HRES). The former has a 65 μm field of view and an optical resolution of 150 nm and 

the later has a 16 μm field of view and an optical resolution of 50 nm. In addition, there 

are two imaging modes to choose from: absorption and phase contrast. For absorption 

mode, which only considers the X-Ray attenuation through the sample, only the zone 

plate lens is required – the light is diffracted directly from the lens onto the detector. As 

with the backscatter electron technique, absorption mode can be used to determine the 

relative elemental composition, as higher Z elements are more likely to absorb X-rays.  

Certain SEI components, such as LiF and Li2O, contain higher Z elements than graphite 

and thus the build-up of SEI could hypothetically be tracked using the nano-CT.  

Especially when overlaid with the phase contrast data, which more clearly images the 

graphite itself, as explained further in this section.  This forms the basis of Hypothesis 1. 
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Hypothesis 1. The higher Z components of the SEI will increase the local X-ray 

absorption signal of a cycled graphite anode (versus an as received anode) 

enough that SEI growth in the internal anode pore structure can be observed by 

comparison of the absorption and phase contrast nano-CT data.  

 

A limitation of absorption mode nano-CT is that even if it is used to track SEI growth 

through a marked increase in absorption, it cannot directly identify the SEI species in 

question.  Each SEI is uniquely formed depending on the cell setup and electrochemical 

conditions, made up of a wide range of potential components in different configurations.  

The nano-CT can only report the cumulative attenuation of the X-Ray beam from all of 

these components as it moves through the entire volume in question. Disentangling how 

much attenuation could have come from one potential SEI species over another at 

different weight percentages and/or densities is incredibly nontrivial.  

 

Phase contrast mode is used to image less attenuating materials with lower Z and/or 

density, such as graphite and lithium. Here, the boundaries between material phases 

are highlighted by the introduction of a gold Zernike phase ring between the sample and 

the detector.  This phase shifts undiffracted light with reference to the photons which are 

diffracted by phase boundaries, making those phase boundaries significantly more 

apparent. Therefore, one can distinguish the outline of graphite particles or, 

hypothetically, the surface morphology of a lithium electrode. At the start of this work, no 

group had published a successful attempt to image lithium using nano-CT. However, 
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preliminary phase-contrast X-ray radiographs of lithium samples showed some lithium 

distinguishable from a copper wire, and thus Hypothesis 3 seemed possible. 

 

Hypothesis 3. Despite the low Z of lithium, the phase contrast mode of the nano-

CT will be able to observe significant sub-micron morphological features of 

lithium dendrite morphology. 

 

 

 

Figure 3.1. (a) X-ray optical components of the nano-CT in phase contrast mode, 

from Tkachuk et al.8 (b) Internal view of the nano-CT9. 

 

During imaging, the sample rotates 180°, stopping to take a 2D radiograph at a set 

number of angles determined by imaging parameters. This collection of 2D radiographs 

is then reconstructed to a 3D dataset. When preparing a sample for the nano-CT, it is 

important to choose a sample that fits within the field of view, as reconstruction is only 

possible for the subsection of the sample that was present within the field of view for the 

entire rotation. Samples that are too large can also overattenuate the X-ray beam, 

decreasing the signal to noise ratio. 
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4. How SEI Growth Alters Graphite Anode Pore Morphology 

This work has been published in The Journal of the Electrochemical Society.112 

 

4.1 Introduction 

The first degradation mechanism we investigated was the formation of SEI, where we 

were specifically interested in understanding how the internal pore structure of the 

graphite anode was affected. The surface of SEI layers has been thoroughly studied 

using a variety of techniques, such as SEM, XPS, FTIR, etc.14, 113, 114  In order to 

investigate the structure of the SEI inside the anode, the most likely methods would be 

focused ion beam SEM (FIB-SEM) or X-ray computed tomography (XCT).  FIB-SEM 

has the potential to probe the depth of the SEI, but the technique itself is destructive 

and has previously had issues with regards to graphite based anodes due to the 

resistance of the graphite to ion milling115, 116 and contrast issues between the carbon of 

the electrode and the filling epoxy.117   It can be used with alternative anode materials, 

however: recently, Etiemble et al.118 probed the morphological effects of cycling on Si 

particles, and found varying effects on the porosity of the cell and the percentage of the 

anode volume that could be estimated to come from SEI due to the combined effects of 

sample expansion and cracking and SEI growth.    

 

XCT is a nondestructive X-ray microscopy technique that collects 2D radiographs of the 

sample as it rotates and then reconstructs those into a 3D representation of the sample 

and its internal structure.  The optional use of a Zernike phase contrast ring enables the 

instrument to resolve low atomic number (Z) elements, such as carbon, that have low X-
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ray absorption contrast.  Micron resolution XCT (micro-CT) was used by Lim et al.119 to 

compare two commercial mesocarbon microbead (MCMB) anodes – one as received 

and one that had cycled until its capacity had decreased by 10%. Their findings were 

that the porosity increased with cycling, but their instrument lacked the resolution to fully 

explain this and they did not examine the change in X-ray absorption between the two 

samples to investigate the build up of SEI. 

  

Nano-CT has been used previously to characterize various cathode117, 120-123 and anode 

materials124-126 for Li ion batteries, as well as materials relevant to other battery 

chemistries such as Zn air127,   and Sn.128   Work specifically on graphitic electrodes has 

focused on the morphology of pristine commercial cells115,116.  To our knowledge, no 

study has characterized the porosity of a graphite anode before and after failure-

inducing cycling to determine the effect of SEI build up not only on the surface of the 

graphite, but also within its internal pores.  In this chapter, we demonstrate for the first 

time that nano-CT can be used to probe the internal formation of these SEI layers, and 

that the data indicate a significant decrease in the relative pore volume and pore size 

between as-received and deeply and continuously cycled commercial graphite anodes 

that have been harvested from off the shelf cells.   

 

In order to conduct this study, we exposed our sample to the atmospheric air within the 

nano-CT.  Previous X-ray photoelectron spectroscopy (XPS) studies have looked at the 

effect of air exposure on SEI layers of graphite and found that although lithiated graphite 

exposed to air shows an increased signal from SEI species on the surface129, delithiated 
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graphite had an increased graphite signal after air exposure – as the SEI components 

reacted with air to form volatile species that left the sample130.  These studies were 

concerned with analyzing a change in the chemical speciation of the SEI layer on a 

scale of nanometers to tens of nanometers, whereas in this study we image and 

evaluate changes in the electrode morphology before and after cycling at length scales 

of 150 nm and larger. For this experiment, the anodes were completely delithiated prior 

to disassembly, and as such we would not expect a significant solid volume change 

upon exposure to air.  

 

4.2 Experimental 

We have studied two commercial 18650 cells (NCR18650B, Panasonic, Japan) from 

the same production lot, one in the as received state (referred to as the “pristine 

sample”) and one after it had been cycled under galvanostatic charge/discharge 

conditions at +/- 1 A (approximately a C/3 rate) between 2.5 and 4.2 volts (with no 

constant voltage or open circuit dwelling) until cell failure (referred to as the “cycled 

sample”). The last step was a discharge one to delithiate the graphite as much as 

possible.  A battery tester (BT200, Arbin Instruments Inc, USA) was used for this test, 

and all cycling was done under lab-ambient temperature conditions of 23 to 25˚C. The 

failure mode consisted of the cell exhibiting extremely high polarization and thus the 

inability to be cycled through any appreciable capacity within the specified voltage 

range.  The cycled and pristine cells were then fully discharged and carefully cut open 

under air atmosphere and the graphite anodes were separated from the other battery 

components by peeling them apart with tweezers.  Attempts were made to evaluate the 
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density of fresh and cycled electrodes based on sample mass and volume.  

Unfortunately, the cycled electrodes were not mechanically stable enough to allow for 

accurate external volume measurements for calculating density. Subsections of the 

pristine and cycled anodes were cut with razor blades to a pointed tip of an appropriate 

size for the nano-CT field of view (65 µm). 

 

The samples were analyzed using a laboratory-scale nano-CT (UltraXRM-L200, Zeiss, 

USA) with an 8 keV rotating copper anode X-ray source.  Large field of view 

tomography data was collected in the absorption and phase contrast imaging modes 

with an optical resolution of 150 nm and a voxel resolution of 65 nm.  The absorption 

contrast imaging relies on the attenuation of the signal from higher Z material, and thus 

it can highlight the presence of electrolyte salts depositing on the anode.  The 

absorption data was normalized relative to the signals of a gold fiducial marker and the 

air atmosphere surrounding the sample for both data sets, such that they could be 

quantitatively compared. The fiducial was applied using a single horsehair lightly coated 

with gold powder (1.5-3 µm in diameter) controlled through a micromanipulator to lightly 

brush the surface of the graphite sample.  The resolution was such that it was possible 

to see when a single gold fiducial had transferred from the horsehair to the graphite.  

The field of view of the nano-CT was manipulated so that the fiducial stayed within the 

field during the full imaging process.  
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Unfortunately, the features of the low Z graphite anode are difficult to resolve by 

absorption at 8 keV.  Therefore, we used the instrument’s Zernike phase contrast mode 

that uses a phase contrast ring that phase shifts the undiffracted X-rays after the 

sample, such that they interfere with the sample diffracted waves, creating characteristic 

light and dark halos at said boundaries and making them significantly more apparent to 

the eye.  The sample was rotated 180° with radiographs collected at regular intervals 

(for a total of 901 images).  In absorption mode, each radiograph required a 60 second 

exposure, while the phase contrast mode radiographs required 120 seconds.  The 

collected radiographs were reconstructed using Zeiss’s commercial filtered back 

projection algorithm into 3D data that could be visualized using Avizo Fire (FEI 

Visualization Sciences Group, USA) software. Segmentation of the Zernike phase 

contrast images into pore and solid domains requires special consideration because the 

image is composed of halos at interfaces rather than bulk attenuation. Thus, standard 

segmentation algorithms that use absorption intensity are ineffective. Herein, we use 

our custom code developed in Kumar et al.131 to correct the phase contrast artifacts and 

provide an image that can be segmented based on thresholding. The code does this by 

computationally inverting a model of the diffraction optics to obtain the volumetric 

sample shape. The pore size distribution was based on a distance transform method 

with a spherical Kernel. 

 

4.3 Results 

Figure 4.1 shows the electrochemical performance of the cycled sample.  The cell 

steadily decreased in discharge capacity as a function of cycling until an erratic drop off 
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occurred, corresponding to complete cell failure.  Figure 4.1b shows that this behavior is 

linked to an increased series DC resistance with cycling.  Figures 4.1c and 4.1d indicate 

how the charge/discharge profiles and differential capacity of the cell evolved through 

the 1st, 200th, and 400th cycle.  There is a more distinct shift to lower discharge 

capacity between the 200th and 400th cycles than between the 1st and 200th cycles.  

This is also apparent in the differential discharge capacity, where the peak shifts to a 

significantly lower voltage for the 400th cycle compared to the 1st and 200th cycles.  

The manifested losses are most consistent with a mode wherein a potential-limited 

charge termination condition increasingly limited the amount of capacity able to be 

charged prior to reaching the maximum voltage setting.  This reduced capacity is 

consistent with an increased internal resistance of the cell. 
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Figure 4.1. Electrochemical performance data of the cycled cell.  (a) Discharge capacity 

fade as a function of cycle number and (b) series resistance increase as a function of cycle 

number.  (c) Charge and discharge curves at the 1st, 200th, and 400th cycles.  (d) 

Differential discharge capacity for the 1st, 200th, and 400th cycles.   

 

Figures 4.2a and 4.2b show SEM images of the pristine and cycled anode surfaces.  In 

the pristine sample, the graphite sheets are distinct, whereas in the cycled sample, the 

surface is thickly covered by a smooth, continuous SEI layer, restricting Li transport and 

resulting in the failure seen in Figure 4.1.  These data are consistent with other surface 

observations of SEI formation.40, 132, 133 
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Figure 4.2. Comparison of the pristine and cycled sample morphologies from raw 

images.  SEM images of the (a) pristine and (b) cycled samples.  Orthogonal virtual 

slices of the reconstructed X-ray phase contrast 3D images for the (c) pristine and 

(d) cycled anodes. 

 

Figures 4.2c and 4.2d show X-ray micrographs of the pristine and cycled samples. As 

was observed in the SEM images, the graphite particles are distinct before cycling.  In 

addition, the nano-CT shows the pore channels running through the electrode.  After 

cycling, these pore channels have decreased in size and the graphite particles appear 

more tightly packed. The SEI layer cannot be distinguished from the graphite in these 



 67 

phase contrast images. The Zernike phase contrast imaging mode reveals the internal 

morphology of the samples, but due to its lower Z-contrast it cannot distinguish the 

graphite and the more X-ray absorbing elements (i.e., fluorine) in the SEI layer.  For 

that, we rely on the X-ray absorption mode images shown in Figures 4.3d-g. From those 

images we observe that it is not merely the surface morphology and pore structure that 

is affected by cycling, but the elemental composition has also changed. In order to 

quantitatively analyze this affect, internal subsections of these samples were 

segmented separately to ensure that external void surrounding the sample was not 

erroneously counted as pore volume.  For adequate statistical comparison, the sub 

sample sizes were approximately four orders of magnitude larger than the average 

volume of pore we examined. Semi-transparent volume renderings of the solid in these 

subsections are shown in Figure 4.3a and 4.3b, clearly highlighting a reduction in 

internal pore volume. Figure 4.4 shows surface renderings of the segmented pore 

volume in the same subsections. 
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Figure 4.3. (a,b) 3D volume renderings of subsections from the (a) pristine and (b) 

cycled anodes‘ phase contrast images that are used for quantitative analysis. The 

images have been corrected for phase contrast artifacts with solid shown as purple.  

(c) Pore size distributions of the pristine and cycled sample subsections.  (d,e) 

Volume renderings of 3D absorption data for the full (d) pristine and (e) cycled 

anodes.  (f,g) Virtual slices of the higher intensity (higher Z) signal for the (f) pristine 

and (g) cycled anodes with insets showing the corresponding phase contrast virtual 

slices. 

 

Figure 4.3c shows the quantitative size distributions for the segmented pore volume of 

the subsections (see Figure 4.4).  The pristine sample was comprised of 25% pore 

volume, whereas only 12% of the cycled sample volume was pore.  One can also see 

that the pristine sample has a larger percentage of bigger pores relative to its total pore 

volume when compared to the cycled sample.  A potential cause of this is suggested by 
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comparing the absorption data of the two samples.  Figures 4.3d and 4.3e show the 3D 

reconstruction of the absorption data from the full field of view for the pristine and cycled 

samples, while Figures 4.3f and 4.3g emphasize the difference between the two data 

sets by showing virtual slices (325 nm thick) of the absorption contrast from both.  There 

is a shift between the pristine and cycled samples to a much denser high Z signal 

throughout the anode. The volume integral of the absorption signal within the same sub-

volumes as Figures 4.3a,b was 50% higher in the cycled anode relative to the pristine 

anode. 

 

 
Figure 4.4. Surface renderings of the segmented pores for the a) pristine and b) 

cycled graphite anodes. 

 

4.4 Discussion 

We now discuss these results, correlating the electrochemical data with the nano-CT 

imaging to better understand the anode degradation. Figure 4.1 shows the correlation 

between an increase in series resistance within the cell and capacity fade, a connection 

that has been previously linked to the growth of passivation films on the electrodes.16 

Recent work proposed that material reduced on the anode originated as a side 

oxidation product (e.g., F- species) at the cathode.39, 40  This could suggest that the 
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buildup occurs primarily at the interface of the anode with the separator.  From Figure 

4.2a and 4.2b, one can see a clear accumulation of less conductive material at the 

graphite surface. However, surface characterizations, such as SEM, do not allow us to 

see how the internal structure of the anode is affected. 

 

The 3D X-ray micrographs of Figure 4.2c and 4.2d depict a general collapse of pore 

structure throughout the volume of the cycled anode compared to the pristine anode.  

Looking specifically at internal subsections of the two samples, this reduction in pore 

volume can be seen qualitatively in Figures 4.3a and 4.3b and quantitatively in Figure 

4.3c, possibly caused by the growth of a solid layer extending beyond the surface of the 

graphite.  Figure 4.3c also shows that the difference in the pore size is on the order of 

hundreds of nanometers – indicating the difference between the two samples is indeed 

a large morphological change beyond any effects of exposing the sample to air that 

were observed at the nanometer length-scale in prior XPS studies.  By comparing the 

relative amounts of higher absorption (and thus higher Z material) signal in the pristine 

and cycled samples in Figures 4.3d-g, one can see a significant increase in the 

absorption signal in the cycled sample (50% higher).  This suggests that the pore 

closing phenomenon is, at least partially, caused by the buildup of deposited material 

within the sample itself.  Cycling may also have a role in compacting the structure. 

 

4.5 Conclusions 

For the first time, nano-CT tomography was used to investigate the structure of SEI 

build up in commercially produced Li-ion cells that experienced complete failure as a 
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result of continuous deep cycling.  The nano-CT analysis resulted in well resolved 3D 

reconstructions of the anode structures with indications of SEI materials in addition to 

the graphite host structures.  It was found that the SEI material extended into the 

internal structure of the graphite anode, with a marked decrease in internal pore 

diameter when comparing the cell before and after cycling to failure.  The sudden failure 

of commercial cells was linked to a dramatic increase in series resistance, which we link 

here, at least in part, to the growth of SEI both on the surface and within the pore 

structure of the graphite anode. Separating the relative contribution of the increased 

anode resistance to the total increased resistance at end of life is an important avenue 

of ongoing work within the community. A comparison between the relative amount of 

build up at the surface of the anode and within the pores was beyond the scope of this 

analysis and remains open as a topic of further study.  
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5. Effect of Cycling Conditions on Lithium Deposition Morphology 

This work has been published in ACS Applied Materials & Interfaces.134 

 

5.1 Introduction 

In this work, we intend to build upon the discovery of Harry et al.7, who used micro-CT 

to reveal subsurface growth in lithium films during deposition that ultimately lead to 

dendrites. When we started this project, it had not yet been shown that a laboratory 

scale nano-CT technique could be used to successfully image low Z lithium, let alone in 

its less dense dendritic form. Therefore, the first objective of this study was to 

demonstrate that the nano-CT with the aid of Zernike phase contrast optics for low Z 

materials can resolve Li at this scale.  The second objective of this study is to gain 

insight into the effect of temperature (5 vs 33 °C) and current density (2.4 vs                

40 mA cm-2) on the morphology of cycled Li electrodes.  The two current densities are 

chosen to reflect a low current density (LCD) where Li-stripping and deposition should 

be uniform and high current density (HCD) where there can be mass transport and 

kinetic limitations.  Rather than studying a single constant current electrodeposition 

typical of prior imaging work, the lithium morphologies are the result of 30 galvanostatic 

charging and discharging cycles in order to mimic Li-metal battery operation. In our 

HCD experiments, we encountered significantly increased impedance with stripping that 

have been previously attributed to the formation of ‘dead lithium’.  In these cases, the 

cell voltage was allowed to rapidly rise from the stable potential (~1 V vs. Li/Li+) to high 

potentials (3-6 V vs. Li/Li+) over 1-2 s before the Li stripping portion of the cycle was 

terminated.  This is consistent with abusive charging, particularly in battery packs, which 
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can induce electrolyte decomposition and copper current collector dissolution.  The 

resulting samples were then analyzed with the nano-CT, and the data was processed to 

correlate the effects of temperature and current density on the external and internal 

morphology of the deposited Li films.  

 

5.2 Experimental 

5.2.1 Sample preparation  

As shown in Figure 5.1, the cycles of electrodeposition and stripping of Li were carried 

out on 80 µm diameter copper wire working electrodes (99.9%, McMaster-Carr) that 

were submerged to a wetted length of 0.5 cm in a beaker cell (20 mL) filled with 1M 

LiPF6 in battery grade EC:DEC 1:1 v/v (Aldrich).  The counter/reference (CE/RE) 

electrode was a strip of 0.75-mm thick lithium metal (99.9%, Aldrich).  An Ar-filled 

glovebox with continuous H2O and O2 monitoring was used to store all materials and 

contain the electrochemical experiments.  H2O and O2 levels were measured to be <0.5 

ppm through the deposition/cycling processes.  The experiments were either performed 

at ambient temperature of the electrolyte bath (33oC) or with the bath cooled to a 

temperature of 5oC using a Peltier cooling assembly (Laird Technologies) powered by a 

DC power supply (E3611A, Agilent).  The temperature of the electrolyte was measured 

with a Hg thermometer.  The electrochemical measurements were performed using a 

potentiostat/galvanostat (PAR 263A) connected to a frequency response analyzer 

(Solartron 1260).  Prior to cycling, an initial Li electrode was formed by in-situ 

electrodeposition of Li at a stable low current density of -2.4 mA/cm2 for 1200 s to 

produce uniform non-porous Li coatings on the 80 µm diameter copper wire current 
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collectors.  Subsequently, additional Li was electrodeposited and/or stripped over 29 

cycles at different current densities between 33 and 5°C, as summarized in Table 1. In 

all samples the final (or only) step is a deposition step.  After completion of the lithium 

deposition and cycling experiments, the lithium coated copper samples were removed 

from the electrolyte and sealed within a 320-µm inner-diameter polyimide tube (Kapton) 

with a 76-µm wall thickness using a two-component quick set epoxy glue (Loctite), 

thereby storing the sample in argon environment for transfer and imaging.   

 

Figure 5.1.  Lithium is electrodeposited in an Argon glovebox on 80-μm-diameter 

copper wire working electrodes submerged 0.5 cm into a temperature controlled Li-

electrolyte and then cycled at different rates.  The Li-coated wires are transferred to 

Ar-filled Kapton capillary tubes and sealed with epoxy. The samples are then 

transferred to nano-CT for X-ray imaging with Zernike phase contrast.   

 

5.2.2 Nano-CT imaging and image processing  

The samples were imaged using a nano-CT (UltraXRM-L200, Xradia, Inc., Pleasanton, 

CA) with a laboratory-scale 8 keV rotating copper anode X-ray source.  The instrument 

uses a monocapillary condenser to focus the X-rays onto the sample with high 

efficiency.  Following the sample, the image was magnified by a Fresnel zone plate 
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objective.  The optics used here offer 150 nm resolution with a larger 65 μm field of 

view. In this work, a gold phase ring for Zernike phase contrast was inserted following 

the Fresnel zone plate objective to provide image contrast for low Z Li.  The gold ring 

phase shifts the wave not diffracted by the sample, converting phase shift information 

into amplitude that can be detected by the scintillator and detector. Some of the 

diffracted wave also passes through the phase ring (the leaked diffracted wave), 

generating the characteristic halos of phase contrast.  These halos are the bright-dark 

contrast found at material interfaces with significant differences in phase shift, including 

the Li and Ar interface. 

 

For imaging, the samples encapsulated in the Kapton tube were vertically mounted 

using a simple clip-type sample holder.  During the tomography scan, 451 radiographs 

with 2x2 binning for 130 nm pixels were collected over a 180° rotation with exposure 

times of 90 s.  The collected radiographs were reconstructed using the instrument’s 

filtered back projection algorithm software to produce the 3D image.  One notable 

challenge of phase contrast imaging is the lack of volumetric contrast of low Z samples 

versus their surroundings.  In Kumar et al.131, a diffraction physics based algorithm that 

models the phase contrast optics was derived to retrieve an artifact-free version of the 

sample image than can be readily segmented.  That algorithm and custom code were 

used herein to generate 3D volumes that can be segmented into Li, Cu, and void 

volumes presumably filled with Ar. Subsequently, the raw 3D tomography images and 

artifact corrected images were visualized using commercial software (Avizo, FEI 

Corporation) and analyzed using custom Matlab codes (Mathworks, Inc., Natick, MA).  
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Void size distributions were computed using a common combination of image erosion 

and dilation operations with a spherical kernel. 

 

5.3 Results 

5.3.1 Imaging of Li foundation layer on Cu wire 

We first confirm that nano-CT can be used effectively to image a thin Li electrode 

foundation layer electrodeposited on a copper wire.  The potential-time series is shown 

in Figure 5.2a for the electrodeposition of lithium at 30 µA onto the Cu wire (2.4   

mA/cm2) for 1200 s at 33°C.  Quantitatively, 30 µA applied to the 0.013 cm2 of wetted 

wire surface in the electrolyte is equivalent to 0.036 C over 1200 s and the deposition of 

3.7 x 10-7 moles of Li.  Using the density of 0.534 g/cm3 for Li metal and its molecular 

weight of 6.941 g/mol, this corresponds to 4.8 x 10-6 cm3 of Li, or a theoretical 4-µm-

thick film over the submerged surface of the wire (see Table 5.1).  Within the first 20 s, 

the potential exhibits a sharp drop from a positive value towards a minimum at 

approximately -0.3 V.  The potential minimum is observed only during the first lithiation 

of the Cu substrate and has been attributed to the additional overpotential required to 

overcome the heterogeneous nucleation barrier135 136.  Stark et al. have suggested that 

the initial stages of lithium nucleation are substrate independent and involve 

hemispherical nuclei morphologies, which grow and eventually overlap59.  

Subsequently, the potential monotonically increases to a less negative value, reaching a 

steady state plateau of approximately -0.1 V at 1200 s.  This potential is representative 

of the minimum overpotential required to maintain the electrodeposition process at this 

current density.   
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Table 5.1.  Samples and cycling conditions 

Sample ID 
Deposition 
temperature 
(°C) 

Deposition conditions 

Theoretical 
deposition 
thickness 
(µm) 

Formation layer 33 °C 1200 s at -2.4 mA/cm2 4 

10°C/CC 10 °C 1200 s at -2.4 mA/cm2 + 476 s 
at -5 mA/cm2 7 

5°C/CC 5 °C 1200 s at -2.4 mA/cm2 + 476 s 
at -5 mA/cm2 7 

33°C/LCD 33°C 
1200 s at -2.4 mA/cm2 + 29 
cycles 60 s at ±2.4 mA/cm2 + 
60 s at -2.4 mA/cm2 

4.2 

33°C/LCD-HCD 33°C 
1200 s at -2.4 mA/cm2 + 29 
cycles 60 s at ±2.4 mA/cm2 + 
60 s at -40 mA/cm2 

7 

33°C/HCD 33°C 
1200 s at -2.4 mA/cm2 + 29 
cycles 60 s at ±40 mA/cm2 + 60 
s at -40 mA/cm2 

7 

5°C/HCD 5°C 
1200 s at -2.4 mA/cm2 + 29 
cycles 60 s at ±40 mA/cm2 + 60 
s at -40 mA/cm2 

7 

 

Figure 5.2b shows the raw orthogonal virtual slices of the initial Li foundation layer from 

the reconstructed Zernike phase contrast tomography measured from nano-CT.  The 

virtual slices show the distinct absorption contrast of Cu, but the Li can only be 

distinguished from the surrounding argon by dark/bright phase contrast halos at the 

interfaces.  Figure 5.2c shows surface renderings of the Li and Cu obtained after 

correcting the Zernike phase contrast image using our diffraction optics model131 and 

image processing to segment the Li, Cu, and surrounding Ar.  The imaging shows that 

this initial electrodeposition leaves an approximately 8 μm thick layer of Li on the end of 
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the Cu wire.  The layer is rough but without any notable voids or dendrites.  Given the 

apparent variations in thickness over the roughened copper surface, there is reasonable 

agreement between the observed thickness and the theoretical uniform film thickness of 

4 µm.  Based on the thickness of the Li layer, the local time-average current density 

during deposition may have been as high as 5 mA/cm2 at the tip of the wire.  
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Figure 5.2.  (a) Representative potential/time series of the electrodeposition of a Li 

foundation layer on the tip of a Cu wire at –2.4 mA/cm2 for 1200 s at 33 °C, (b) 

Orthogonal virtual slices of the 3D reconstructed image of the Li foundation layer, (c) 

Phase contrast corrected and segmented surface rendering image of Li (light blue) 

on the Cu wire (orange). 

 

This result confirms that the in-situ Li electrodeposition allows us to generate initial Li 

metal electrodes with only micrometer-scale roughness for subsequent studies on Li 
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cycling and dendrite growth, and that nano-CT with Zernike phase contrast can be used 

for imaging. 

 

5.3.2 Imaging of Li films electrodeposited at 5 and 10°C 

Similar procedures were used to deposit additional Li onto the initial Li foundation layer, 

but at the lower temperatures of 10 and 5°C with a current of 63 µA (-5 mA/cm2) for 476 

s, equaling a total theoretical thickness of 7 µm.  The potential-time series for the -5 

mA/cm2 deposition is show in Figure 5.3a for the deposition at 10°C, and the one for the 

deposition at 5°C appears similar.  The image of the film deposited at 10°C on the Cu 

wire in Figure 5.3b starts to show the presence of many large voids in the Li film.  As 

evident in the image, the voids, which are not a result of cycling in this case, are quite 

large with internal dimensions on the order of 5-10 micrometers.   

 

 

Figure 5.3. (a) Voltage time series for a -5 mA/cm2 deposition of Li onto a ~8 µm 

formation layer of Li on the Cu wire at 10°C and (b) a virtual slice of nano-CT data. 
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5.3.3 Imaging of cycled Li films 

Table 5.1 lists the samples with their respective electrochemical cycling conditions, 

where LCD and HCD indicate low and high current density (2.4 mA/cm2 and 40   

mA/cm2), respectively.  The Li electrodeposition/stripping steps were 60 s at either 2.4 

mA/cm2 or 40 mA/cm2, corresponding the electrodeposition/stripping of an additional 

0.2- or 3-µm-thick layer of Li over the initial formation layer of Li.  For all samples, 29 

cycles with 60 s deposition and dissolution steps were performed followed by one 

additional deposition.  For one sample, labeled 33°C/LCD-HCD, the first 29 cycles at 

ambient temperature were performed with the low current density and the final 

deposition was at the high current density.  Reductive current values are denoted as 

negative (–) values.   

 

Figure 5.4 shows the potential time-series for the samples in Table 5.1.  The results for 

the LCD samples in Figures 5.4a and 5.4b are nearly identical with each cycle occurring 

at potentials between 0.2 and -0.2 V vs Li+/Li0 because the cycling conditions were the 

same aside for the final Li-deposition step.  For the cycling at higher current density (40 

mA/cm2) shown in Figures 5.4c and 5.4d, the first cycles are between -0.6 and 0.6 V for 

5oC and -1 and 1 V for 33oC, with the higher potentials relative to the LCD samples 

reflective of the greater overpotential caused by the higher current density of the 

charge/discharge step.  The higher potential for 33oC versus 5oC is likely due to 

difference in the electrode spacing in the bath and the corresponding ohmic 

overpotential.  It is important to note that this experiment uses a two electrode 

arrangement and the voltages reported include the ohmic voltage drop through the 
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electrolyte.  Assuming a 10 mS/cm electrolyte conductivity in this two electrode bath 

cell, the ohmic overpotential could reach values on the order of 1 V, which suggests the 

observed whole cell voltage is dominated by ohmic overpotential during the steady 

plateaus.   

 

 

Figure 5.4.  Cell voltage times series for (a.) 33°C/LCD, (b.) 33°C/LCD-HCD, (c.) 

33°C/HCD with select potential transients, and (d.) 5°C/HCD with select potential 

transients. 

 

On the 2nd cycle for 33oC and the 5th cycle for 5oC, a sharp rise in voltage occurs after 

an initial period of stable Li stripping.  Due to delays in triggering the end of the stripping 
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cycle, the whole cell voltage rises to 3-6 V before electrodeposition resumes at negative 

voltage.  The time spent above 3 V is minimal (1 s), but this corresponds to the potential 

at which the Cu substrate is thermodynamically prone to dissolution (3.3 V vs Li+/Li0)137. 

Though we see no evidence of significant or sustained side reactions, it is possible that 

these very brief excursions to high potential can alter the electrode interface through 

minor amounts of side reactions, including electrolyte decomposition and copper 

dissolution.  In a worst case scenario, considering a 1 s duration of potential rise above 

the Cu dissolution reversible potential, each stripping could remove roughly 10 nm of 

copper.  However, since the voltage does not plateau, it appears that the current during 

the high voltage transient is instead dominated by capacitive current that is charging the 

electric double layers at the electrode/electrolyte interfaces.  At the most extreme 

voltage spike, a high estimate of the capacitance is 0.9 F/g, which is reasonable for the 

lower surface area copper wire when compared to the higher surface area carbons 

typically measured for their capacitance in organic electrolytes – typically at 10s-100s of 

F/g138.  In contrast, the potential during Li electrodeposition remains comparatively 

constant throughout the cycles with the only apparent effect of cycling being a reduction 

in the overpotential at the beginning of the electrodeposition step.    

 

Figure 5.5 presents the segmented nano-CT reconstructed images for all of the cycled 

samples from Table 5.1, including the orthogonal gray-scale virtual slices and the 

segmented 3D surface renderings after correcting the Zernike phase contrast images. 

Figures 5.5a and 5.5b show the structure resulting from the 33°C/LCD cycling 

(corresponding to the electrochemistry in Fig 5.4a).  As discussed in the experimental 
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section, the 60 s, 2.4 mA/cm2 deposition and dissolution should add and remove, 

respectively, a ~0.2 µm-thick Li deposit onto the original ~4-8µm thick initial layer.  

Considering the additional thickness observed in the deposition of the base layer likely 

due to non-uniform deposition, this LCD layer could be 0.4 µm thick at the tip of the 

wire. In either case, the relative amount of Li electrodeposited or removed during the 

cycle is small relative to the initial Li layer. The resulting structures after cycling exhibit a 

uniform Li layer, free of any notable internal voids or features, which appears to have 

conformally deposited onto the Cu wire. 

 
Figure 5.5. Orthogonal virtual slices (a., c., e., g.) and the respective segmented 

images from Zernike phase contrast correction (b., d., f., h.).  Samples cycled at LCD 

(a. through d.) exhibit uniform and conformal Li layers, while those cycled at HDC (e. 

through h) depict non-uniform porous Li morphologies at 33°C and 5°C.  The 

5°C/HCD induces a significant proportion of clustered small voids. 
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Figures 5.5c and 5.5d for the 33°C/LCD-HCD show two images for the sample that 

underwent the same LCD cycling, but with an HCD during the last deposition 

(corresponding to the electrochemistry in Fig. 5b).  The final high current density 

deposition should have deposited a 3.2 µm thick Li layer, corresponding to an additional 

thickness of 3 to 6 µm depending on the uniformity of the current density.  The thicker 

film (~8 µm) is evident in the images when compared to the 33°C/LCD images in 

Figures 5.5a and 5.5b.  

 

Figures 5.5e-5.5h show the dramatic change in structure observed when all of the 

cycling was done at HCD (40 mA/cm2).  The HDC conditions should ideally add and 

remove 3 µm of Li thickness if the Li addition and removal were uniform.  The 

33°C/HCD electrodes in Figures 5.5e and 5.5f show a non-uniform Li morphology 

containing large voids, similar to those observed during the single deposition 

experiments, shown in Figure 5.3.  In these images, we can observe that the length 

scales of the continuous void and solid domains are typically greater than 5 μm and can 

be as a large as roughly 20 μm.  Figures 5.5g and 5.5h show the images for the 

electrodes from 5°C/HCD cycling, where we observe a porous Li layer with a broad 

distribution of void sizes. Similar to the electrodes that experienced 33°C/HCD cycling, 

there are large voids with length scales on the order of 10 μm.  However, the 5°C/HCD 

electrodes also have a significant portion of the clustered small (<3 µm) voids that are 

distributed across the entire thickness of the Li layer.   
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Given the notable difference in internal void morphology between the 5oC and 33oC 

cycling cases, we undertook a more detailed quantitative analysis to determine the 

utility in using nano-CT for examining voids in Li films.  Figures 5.6a and 5.6b present 

the volume of the void domain extracted from the segmented sample, wherein the void 

volume was isolated as a region of interest and spatial void size distributions were 

evaluated on the basis of inscribed spheres.  Observing the false-coloring of the spatial 

size distributions, we find the majority of the internal voids in the 33°C/LCD electrode 

are large and there are negligible small voids that would be shown as a dark shade in 

the image.   
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Figure 5.6. Internal void morphology analysis of a) 33°C/HCD and b) 5°C/HCD 

samples. Li is shown in transparent blue and Cu is opaque dark red.  The 

representative void domains and spatial void size distributions are also shown. c) 

Comparison of the cumulative void size distribution on the basis of volume fraction. 
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In contrast, the spatial distribution shown for the 5°C/LCD electrode shows a high 

density of small voids that are tightly spaced.  Figure 5.6c shows the cumulative 

distribution of volume fraction of void as function of inscribed sphere diameter.  The 

cumulative distribution for the 33oC sample shows that the dominant fraction (60%) of 

the void volume considered has diameters ranging from 3 to 8 μm.  In sharp contrast 

with the 5oC sample, we find that a large portion (55%) of the void volume features have 

diameters less than 3 μm.  An additional observation is that both samples exhibit a 

significant contribution to the void volume with diameters of approximately 8 μm.  It is 

important to mention that the small void features of the 5oC sample would not be 

resolved by the typical resolution of micro-CT or optical microscopy, which highlights the 

value of nano-CT imaging. 

 

5.4 Discussion  

Dendritic growth has an inherent fragility due to its relatively tenuous connection to the 

electrode. It is possible that by removing the samples from the electrolyte they were 

cycled in and transferring them to the nano-CT, the ex-situ morphology imaged there 

differs from its original state. The time between cycling of the samples and imaging 

varied, but was on the order of days. If the sample continued to alter after removal from 

the electrolyte, for instance via surface diffusion, the changes were not drastic enough 

to alter the findings of this study. With sufficient energy, the samples would shift to a 

more stable state and continue to do so. Significant mass shifts would be revealed in 

the imaging, which requires that the sample remains static on the order of nanometers 
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for at least twelve hours. We experience no major issues with sample movement during 

imagining. The voids we examine here are on the order of microns.  Research 

continues toward the ultimate goal of in-situ imaging of lithium cycling at dendritic 

conditions, where a more precise understanding of these phenomena could be possible.  

Until then, this work seeks to understand the gross change in morphology that occurs 

between significant shifts of temperature and current density. 

 

For the LCD cycling, we observed no significant voids or dendrites after both 1200 s of 

deposition and repeated 60 s cycles.  This uniform coating was also found for an 

additional initial Li layer sample that was deposited at 5oC at the lower current density of 

2.4 mA/cm2 for 1200 s.  This suggests that at sufficiently low current densities, internal 

voids and dendritic structures can be suppressed and uniform morphologies can be 

achieved.  We additionally found that a single high current deposition at 33oC following 

low current cycling in the 33°C/LCD-HCD electrode, did not induce porous or dendritic 

growth (see Figures 5.5c and 5.5d). 

 

The high current morphologies with significant internal voids observed here are a 

departure from the needle-like or branching tree-like structures sometimes observed 

previously at high currents or with extended galvanostatic electrodeposition, on the 

order of hours, which may not be representative of battery cycling.  However, the 

structures resemble well the porous Li produced by Lopez et al.139  after 50 cycles of Li 

deposition and dissolution at a current density of 2.0 mA/cm2 using an ethlylene 

carbonate: ethyl methyl carbonate (EC:EMC) electrolyte.  Causes of porosity during 
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electrodeposition can generally be classified into two classifications: crystallographic 

and inclusion140.  Crystallographic porosity is a result of lattice effects or structural 

defects stemming from the substrate.  Inclusion porosity arises from foreign or 

electronically insulating species, such as gases141, that persist throughout the 

deposition process for some finite amount of time and forms voids.  In fact, gases 

evolved during the electrodeposition process often influence the porosity of the resulting 

morphology142 143.  We rationalized that both porosity classifications can contribute to 

the porous Li structures observed at high current densities.  Concerning contributions 

from crystallographic porosity, the structural defects and surface roughness of the Cu 

wire can cause interfacial voids between the Cu substrate and the Li deposit.  

Regarding contributions from inclusion porosity, gas evolution at the electrode-

electrolyte interface can act as non-conducting regions preventing lithium-ion transport.  

Gaseous species, including CO2, CO, C2H4, and H2 have been observed and reported 

as products of electrolyte decomposition50 144 145, 146 146 147.  Repeated cycling has been 

reported to rupture unstable regions of the SEI, exposing the electrode to further 

electrolyte decomposition148 36 that can generate gas149 139.  Alternatively, the role of 

electrochemical oxidation of the underlying copper wire towards gas generation could 

be a contributing factor but has not been observed in this work. 

 

Given our observations and the prior work discussed above, we conclude that the 

internal morphologies from high current density cycling are most likely due to gas 

evolution during electrodeposition that patterns the Li.  This conclusion is based on 

similar voids being observed in the 10oC/CC experiment with extended deposition at a 
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moderate current density of 5 mA/cm2, where no stripping was performed.  At the lower 

current density of 2.4 mA/cm2, it is possible that the gaseous byproducts of SEI 

formation do not become sufficiently concentrated for bubble nucleation or accumulation 

due to the minimal formation of additional SEI.  Our additional ex-situ macro-scale 

experiments with degassed EC:DEC electrolyte showed notable gas evolution within the 

porous Li layers formed during extended electrodeposition of Li on Cu foil.  On the other 

hand, no gas evolution was observed at the Li metal counter electrode during 

dissolution.  Previous work has shown that the likely gasses to expect are ethylene and 

carbon monoxide150-152.  Relevant reactions for the formation of these gasses include: 

 

2(EC-Li+) + 2e- à Li2EDC* + C2H4 

EC + 2e- à OC2H4O2- + CO 

EC + 2Li+ + 2e- à Li2CO3 + C2H4 

Li2CO3 + 2Li à 2Li2O + CO 

 

*Where EDC = Dilithium Ethylene Glycol Dicarbonate 

 

It is apparent that temperature has an effect on the size of the voids formed by evolved 

gases. Comparison of samples after high current cycling at 5oC and 33oC revealed 

similar large void structures (>6 µm diameter).  However, the 5°C sample contained 

many small voids (<3 µm diameter).  Significant groupings of these small void structures 

appear close to the Cu.  However, a small grouping of these small void structures are 

also found at the outer surface of the Li layer (farthest from Cu).  These observations 
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can be rationalized by considering gas evolution and the temperature dependence of 

the electrolyte viscosity and surface tension.  At low temperatures, the cyclic carbonate 

organic electrolytes exhibit a higher viscosity153.  The increased viscosity may inhibit the 

rate of gas bubble coalescence and their departure from the electrode surface, since 

bubble coalescence is observed to be inversely related to liquid viscosity154.  

 

Another interesting result is the increasing voltage trend during dissolution at high 

current density, which has also been found in prior work 155, 156.  It reflects a loss of 

accessible Li that cannot be recovered, which increases the overpotential, causing the 

voltage limit to be reached and ending the dissolution step157.  The asymmetric voltage 

profile (deposition vs. dissolution segments) exhibited from the high current density 

samples can signify capacity fade and could be indicative of localized dissolution 

processes leading to non-uniform morphologies.  Figures 5.5e-h clearly show a large 

abundance of Li on the Cu wire electrode and therefore the increased voltage is not due 

to a complete dissolution of Li from the wire.  Thus, mechanisms related to the sharp 

increase in voltage likely relate to the formation of dead Li through electronic isolation 

and increase the electronic component of the ohmic overpotential.  From the nano-CT 

images, there is no apparent discontinuity within the interior of the Li metal that would 

result in electronic isolation.  Based on the images showing many voids at the Cu|Li 

interface, the key mechanism for electronic isolation is reduction in contact area 

between the Li and Cu wire due to Li dissolution localized at the interface between the 

two metals.  We submit that the alternative hypothesis of evolved gas blocking the 

surface and causing rapid voltage rise can be ruled out due to the consistent 
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instantaneous return to low overpotential electrodeposition following the high voltage 

transients.  Our preferred hypothesis, which relies on electronic isolation of the Li at the 

interface, allows for electrodeposition to immediately resume though deposition of Li 

onto the copper current collector.  This is consistent with the voltage response we saw 

and better explains the observed asymmetry.   

 

These findings have relevant implications for batteries with either Li metal anodes or 

graphite anodes under charging conditions where electroplating is incited (cold, fast 

charging).  The differences in the internal void morphology may significantly impact the 

effective mechanical properties of the cycled Li layers.  For instance, tighter packing of 

smaller voids with low temperatures may yield a stiffer Li growth with a higher 

propensity to puncture or bypass the separator and short the cells, causing battery 

failure.  Such implications should be investigated in future work.  Additional areas of 

future work include investigating other electrolytes, additives, and charging conditions. 

 

5.5 Conclusion 

We show that the cycling current density and temperature has a significant impact on 

the morphology of lithium metal film deposits.  In our experiment, we observe distinct 

morphologies ranging from uniform lithium plating at low current density to non-uniform, 

spherical voids of varying diameters at high current density.  The high current density 

samples exhibit non-uniform morphology with large internal voids with diameters in 

excess of 8 μm.  In addition, high current density cycling at a low temperature of 5°C 

exacerbates void formation.  Although the large internal void structures existed at both 
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temperatures, the 5°C morphology exhibits additional smaller voids, less than 3 µm in 

diameter, with the highest concentration near the lithium-copper interface.  Our 

approach employing nano-CT allows for sub-micrometer internal features to be 

resolved, while still being able to image the full thickness of the electrode.  Our results 

indicate the significant impact that current density and temperature have on Li 

electrodeposition morphology and how secondary effects, such as gas generation, can 

affect void size and location.  Furthermore, our analysis of cycling versus deposition has 

provided insight into possible electronic isolation mechanisms leading to capacity loss 

and potentially abusive high voltage transients during discharge (stripping).  In turn, the 

observed morphologies may impact the stiffness and mechanical integrity of cycled Li 

electrodes to a greater or lesser degree, thus, altering the ability of localized Li 

electrodeposition and dendrites to cause catastrophic battery failure. 
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6. The Predictability of Unstable Lithium Deposition 

 
 6.1 Introduction 
 

As explained in the introduction, widespread research has been conducted in (1) 

observation to better understand the mechanisms of dendrite growth7, 50, 51, 56, 72, 158, 159 

and (2) testing dendrite prevention strategies18, 82, 85, 87-89, 92, 94, 96, 97, 160, 161 so that the 

lithium anode can ultimately be reinstated.  Dendrites in traditional metals systems such 

as copper and zinc are distinguished by their arborescent characteristics162, 163.  In the 

case of lithium, a broader range of morphologies may be relevant to understanding 

battery failure.  Traditional dendritic growth is a well-known safety hazard164, but any 

irregular lithium growth can have detrimental effects for the cell: an increased surface 

area of lithium will reduce cell capacity by breaking down the electrolyte to form more 

Solid Electrolyte Interphase (SEI)6, 72, or result in ‘dead lithium’74, 75. 

 

In order to guarantee dendrite growth can be detected, many observational studies use 

relatively higher currents in their experiments, where dendrites are more likely to occur, 

compared to more standard cell conditions. These current densities reach up to 50 

mA/cm2, as can be seen in Figure 6.1 – much higher than the typical currents used in 

experiments designed to test methods of preventing dendrites. In addition to the 

significance of current density, a propensity for dendritic growth has also been 

predicted13 and shown50,134 to rely on temperature as well.  (See also: Chapter 5) 
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Figure 6.1.  A comparison of current densities used in studies of dendrite observation 

and prevention. 

 

Ideally, a technique would exist that could observe irregular lithium deposition and the 

effect of various prevention strategies, but these studies require modifications in cell 

assembly.  Therefore, they cannot include the effects of typical cell conditions such as 

the polymer separator in a liquid electrolyte, the internal cell pressure, etc.  As it stands, 

the fact that many studies use their own unique set of testing conditions makes it 

difficult to compare results, or use the findings of the observation studies to assist the 

development of a prevention method. From a practical perspective, a preventative 

technique is most directly concerned with impeding the formation of any irregular lithium 

morphology that will cause the cell to fail, regardless if it would be classically considered 

dendritic.  The question is then, how likely is this irregular growth to occur at a particular 

set of conditions and to what extent does the prevention method under consideration 

alter this probability.  In this chapter, I present a baseline of how likely irregular lithium 
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growth is to occur at a selection of temperatures and current densities.  In Chapter 7, I 

use this baseline to distinguish between different potential dendrite prevention methods. 

 

6.2 Experimental 

6.2.1 Cell Assembly 

 

The cells were assembled in an Argon glovebox using 2032 coin cell casings, with a 

hopper spring and 1 mm spacer.  The electrolyte was 1 M LiPF6 in 1:1 EC:DMC from 

Sigma Aldrich.  The separator was 25 µm Celgard, from MTI.  Both electrodes were 0.6 

mm thick Lithium chips, also from MTI.  The counter electrode was 16 mm in diameter 

and the working electrode was 13 mm in diameter, in order to ensure complete 

electrode overlap.  The cases were crimped in an MSK-110 hydraulic crimping machine 

to 750 psi. 

 

6.2.2 Cell Testing 
 

The cells were tested using the parameters outlined in Table 6.1, using a Biologic VMP3 

potentiostat. Ten cells were tested under each condition, for a total of 80 cells. The 

surface of the working electrode was prepared by a low current deposition (0.1 mA/cm2) 

for one minute.  Then, the relevant current density for that particular test was applied 

and continuous lithium deposition occurred until a voltage response indicated that 

irregular growth had begun, or the cell shorted. In either case, the point at which the cell 

voltage begins to significantly deviate from its previous trajectory is denoted as ‘cell 

failure’, as shown in Figure 6.2. 
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Table 6.1. Cycling parameters of interest 

Parameter Setting 

Current 0.1, 0.5, 1, 2.5 mA/cm2 

Temperature 0°C, Room Temperature (RT) 

 

6.2.3 Cell Disassembly 
 

A selection of cells from the boundary cases (the highest and lowest of temperature and 

current density) were opened to observe the deposition’s effect on the lithium surface.  

Three cells were opened in each case, and representative photographs were taken for 

Figure 6.4. The coin cell case walls were cut into using a Dremmel 7700 tool in an 

Argon glovebox.  The cell was then prised open and the electrodes removed.  This 

process was likely a destructive one to the more delicate dendritic morphologies that 

could occur, and so the images shown in Figure 6.4 cannot represent the full picture of 

the electrode’s state at the time the test was finished.  

 

6.3 Results 
 

Figure 6.2 shows the two main types of ‘failure’ referred to in this study.  Figure 6.2a, a 

direct short, was observed primarily at the lower current of 0.1 mA/cm2 and occasionally 

at 0.5 mA/cm2.  A more gradual voltage response towards shorting is shown in Figure 

6.2b.  This behavior was observed occasionally in the 0.5 mA/cm2 cases, and was the 

primary response in the 1.0 and 2.5 mA/cm2 cases.  In this study, we were interested in 
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the extent that lithium deposition could occur stably before we observed signs of 

irregular growth and so we denoted the first instance of sudden voltage change as cell 

failure.  

 

Figure 6.2. Voltage time series examples of the typical onset of irregular growth 

seen in these experiments.  (a) A directly shorted cell, seen primarily in the 0.1 

mA/cm2 experiments and (b) a more gradual decrease in the overpotential, seen in 

the 1.0 and 2.5 mA/cm2 experiments.  The 0.5 mA/cm2 experiments exhibited a 

mixture of each behavior. 

 

Although ten cells were tested for each condition, at the lower temperature there were 

some examples which did not show failure within the expected time frame (ie 

continuous deposition with no indication of unstable deposition for up to an order of 

magnitude beyond the average deposition of failure). The extent to which this behavior 

was observed in each case is shown in Table 6.2.  For the 0.1 mA/cm2 cells, it was not 

possible to continue testing for an order of magnitude longer than the average, as there 

was not enough lithium in the cell.  Instead, the deposition continued for over twice the 

average amount of time before stopping the test. 
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Table 6.2. Cells which did not exhibit signs of unstable deposition at 0°C 

Current (mA/cm2) Cells with Continuous Stable Deposition 

0.1 4/10 

0.5 1/10 

1.0 1/10 

2.5 0/10 

 

Using the deposition time until failure and the current density tested, we then calculated 

how much lithium was deposited stably before failure.  This value was then averaged 

across the area of the electrode.  Figure 6.3 shows the individual points of failure for 

each test and the average at each condition of how much lithium was deposited before 

failure in µg/cm2 – not including those cells shown in Table 6.2 where failure did not 

occur.  At the lower currents (0.1 and 0.5 mA/cm2), stable deposition occurs for longer 

at RT than at 0°C, in line with the statement that potentially dangerous dendritic growth 

is more likely at lower temperatures.  However, at the higher currents (1.0 and 2.5 

mA/cm2), stable deposition occurs for longer at 0°C than RT. 
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Figure 6.3. The amount of lithium deposited stably (in µg/cm2) before failure for the 

(a) 0.1 (b) 0.5 (c) 1 and (d) 2.5 mA/cm2 tests at RT and 0°C. 

 

The stability of the deposition in each cell varied greatly, as can be observed in Figure 

6.3.  Table 6.3 quantifies this by showing the average amount of lithium deposited 

stably before failure for each condition and the standard deviation of that data. 

 

Table 6.3. Extent of Continuous Stable Lithium Deposition Before Failure 

Current Density (mA/cm2) RT (µg/cm2) 0°C (µg/cm2) 

0.1 210 ± 193 (92%) 76 ± 57 (77%) 

0.5 34 ± 63 (190%) 19 ± 12 (62%) 

1.0 5.1 ± 4.6 (90%) 10 ± 7.8 (76%) 

2.5 13 ± 19 (150%) 156 ± 284 (180%) 



 102 

 

The cells were then opened in order to examine the electrode’s surface for signs of 

what caused these failures. Figure 6.4 shows distinct signs of irregular growth on the 

surface of the 0.1 mA/cm2 electrodes.  There are no such signs on the 2.5 mA/cm2 

sample electrodes, but, as mentioned above, the process used to cut open the cells 

could have damaged any morphology that was particularly delicate. 

 

Figure 6.4. Photographs of the working lithium electrodes from the opened cells, 

representing the test conditions of 0.1 and 2.5 mA/cm2 at RT and 0°C. 
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6.4 Discussion 
 

A primary takeaway from this data is its variability, seen in Table 6.3, which exists even 

after fabricating tens of cells in the same controlled conditions in terms of electrolyte, 

separator, pressure, etc.  There still remain variables which cannot easily be accounted 

for, such as the state of the lithium electrode’s surface, which result in an imprecise 

metric of predicting the onset of irregular lithium growth. This emphasizes the 

importance of replicate tests when determining the effectiveness of a dendrite 

prevention method, particularly at the lower currents when stable lithium deposition may 

occasionally continue indefinitely.  Furthermore, in order for a dendrite prevention 

method to be shown as significantly deviating from the baseline, the average amount of 

stable growth before failure would have to exceed at least twice that shown in the bare 

lithium case. 

 

The voltage response at the onset of failure is indicative of the nature of the failure itself.  

The electrode examples given for the 0.1 mA/cm2 samples in Figure 6.4 clearly show 

lithium growth on the surface that is not uniform, and yet there is no evidence of this 

build up in terms of a voltage response shown in Figure 6.2a until the sudden full short 

of the cell.  Conversely, there is no visual sign of buildup on the surface of the 2.5 

mA/cm2 samples, but there is a significant voltage shift that begins to occur shortly after 

deposition.  It has previously been noted by Wood et al165, that dendritic nucleation 

results in a decreased overpotential for further dendritic growth when compared to bulk 

lithium.  Such high surface area morphology could also prove fragile in the event of 
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outside forces being applied, and thus absent in our optical analysis of the electrode 

surface after opening the cell. 

 

Temperature’s effect on the extent of stable deposition before failure varies with current 

density.  At the lower currents of 0.1 and 0.5 mA/cm2, more lithium is deposited stably 

before failure on average at RT than at 0°C; whereas, at the higher currents of 1.0 and 

2.5 mA/cm2, the inverse case is true.  Previous studies have considered the morphology 

changes and concluded that dendritic growth is more likely at sub-ambient 

temperatures13, 70, but have not been able to directly observe the effect of external 

pressure on these morphologies.  When the effect of pressure was looked at more 

closely, it was found that increased pressure lead to increased cell cyclability48, 55, 70, 79. 

Therefore, it may reasonably be concluded that although dendritic growth may be more 

likely at sub-ambient temperature, its morphology may be significantly altered by the 

combined effects of pressure and current density.  The difference in the temperature 

stability ranges from Figure 6.3 could then be explained by the fact that certain 

morphologies could then prove more or less able to short the cell in the presence of a 

polymer separator. 

 

6.5 Conclusions  

 

A proposed method for creating a baseline of stable lithium deposition without signs of 

dendritic or irregular growth at different temperatures and current densities was outlined 

and collected, for the purposes of comparison to the performance of proposed lithium 
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dendrite prevention strategies.  The voltage response observed during testing indicated 

that cell failure occurred by different mechanisms at different current densities of 

deposition – more clearly dendritic as the current density increased.  Significant 

variation in the amount of stable lithium deposition that could occur before signs of 

irregular or dendritic growth were observed indicates that multiple trials of the same 

dendrite prevention method should be collected to compare with the baseline.  In certain 

conditions, stable growth without failure continued for up to an order of magnitude 

beyond the average amount observed in the trials.  The effect of temperature on the 

extent of stable deposition before signs of failure were observed is dependent on the 

current density at which the deposition is occurring: at 0.1 and 0.5 mA/cm2, more stable 

deposition on average occurs at RT than at 0°C; whereas, at the higher currents of 1.0 

and 2.5 mA/cm2, the inverse case is true.  Overall, our results indicate the difficulty in 

applying generalizations to the prediction of irregular lithium growth, and underline the 

importance of having a baseline for comparison that was constructed with the same or 

similar conditions to those one wants to test.  As has previously been shown by 

observational studies, the morphology of lithium deposition varies widely in different 

deposition conditions.  Though such studies found dendritic growth most likely to occur 

at high currents and low temperatures, we propose the introduction of cell pressure and 

the presence of a polymer separator in liquid electrolyte, which previous studies have 

not been able to directly observe, significantly affect the deposition morphology and the 

propensity for cell failure. 

  



 106 

 

7. Using a Baseline to Predict Cell Performance 

 

7.1 Introduction 

As discussed in §2.3.1, polymer coatings on the lithium electrode have been used as an 

artificial, more stable SEI to prevent dendrite growth during cycling108-111. We 

investigated a new candidate polymer for its potential to improve cell performance: 

Poly(ethylene oxide lithium sulfonyl(trifluoromethylsulfonyl)imide) (PEO-TFSI-Li+). This 

PEO based polymer was chosen due to PEO’s increased stability at operating voltage 

conditions up to 4.5 V166, 167 and high reported transference number168. Beyond the 

choice of polymer structure, one must further consider such variables as the effect of 

molecular weight and coating thickness on cell performance. Determining a cell’s 

performance directly by long term cycling is time and resource intensive, particularly 

with a larger sample set. Trends in performance are not yet known or can’t be relied 

upon. Traditional instrumentation methods to characterize the film (ie SEM, AFM, etc) 

either have to be specially modified to prevent atmospheric exposure or limited by the 

fact that there is a high likelihood of altering the lithium surface before the 

characterization begins.  

 

A more efficient means of distinguishing polymer films that show potential as good 

artificial SEIs could streamline this process. Previous work has established that any 

irregular growth can ultimately lead to cell failure, either through shorting or capacity 

fade. In Chapter 6, a baseline was established to determine the extent of stable 
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deposition in a symmetrical bare lithium cell before the onset of irregular or dendritic 

growth at particular temperatures and current densities.  Here, I show that the 

performance of a cell during a single deposition – specifically, how it compares to a 

baseline in terms of deposition stability – can predict its long term cyclability 

 

7.2 Experimental 

7.2.1 Polymer Coating 

 

 

Figure 7.1 Structure of PEO-TFSI-Li+. 

 

PEO-TFSI-Li+ (the structure of which is shown in Figure 7.1) was synthesized by our 

collaborators in the Matyjaszewskia lab, specifically Jacob Flum and Sipei Li. Polymers 

with several different molecular weights were tested, as shown in Table 7.1. For brevity 

and clarity, all coated polymer samples will be referred to by their molecular weights. A 

lithium chip coated with the sample 1 polymer is the 11k sample, etc. 

 

  



 108 

Table 7.1 Molecular Weights of PEO-TFSI-Li+ samples 

Sample 1 2 3 4 5 6 

Molecular Weight (g/mol) 11,000 23,000 37,000 52,000 74,000 129,000 

 

It was then dissolved into a 2% by weight solution of dimethyl sulfoxide (DMSO) and 

transferred into an argon glovebox. There it was drop cast onto 16 mm diameter lithium 

chips from MTI in volumes of 0.075 mL and 0.175 mL. These will be referred to as the 

thinner and thicker films, respectively. Deposition volumes were chosen to fully cover 

the surface of the lithium chips. The films dried at 50 °C overnight. 

 

7.2.2 Cell Assembly and Testing 

The coated Li electrodes were assembled into 2032 coin cells in an Argon glovebox, 

using a hopper spring and 1 mm spacer. The separator was 25 µm Celgard, from MTI. 

The cases were crimped in an MSK-110 hydraulic crimping machine to 750 psi.  

Symmetrical cycling was performed at a current density of ±1.0 mA/cm2, with each 

plating/stripping segment lasting 30 minutes. Continual deposition tests were run, as in 

Chapter 6, with one minute at 0.1 mA/cm2 and then continued at 1.0 mA/cm2 until signs 

of irregular lithium growth were observed – referred to here as failure.  All 

electrochemical tests were performed at room temperature. 

 

7.3 Results 

7.3.1 Direct Determination of Sample Performance 

The dried films showed significant variation in terms of surface homogeneity, as can be 

seen in Figure 7.2. Some show a marked inclination to agglomerate at certain sections 
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on the lithium chip (Samples 1 and 4), while other are relatively homogeneous but more 

concentrated at the edges of the chip (3 and 6).  Images shown are of the thinner film 

samples, but the thicker film samples of the same molecular weight showed the same 

drying patterns. 

 

 

Figure 7.2. Photographs of dried thinner film (0.075 mL volume deposited) samples 

on lithium chips, from solutions of polymer samples with molecular weights of [1] 11k, 

[3] 37k, [4] 54k and [6] 129k g/mol.  

 

Figure 7.3 shows the cycling performance of the two relatively homogeneous films 

compared to the performance of a bare symmetrical lithium cell.  The bare lithium data 

shows clear signs of irregular growth within the first few cycles (Figure 7.3a or c) – 

indicated in the spikes of voltage response to the plating/stripping current – and later 

(Figure 7.3b or d) appears to be at least partially or soft shorted, acting as a quasi-
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resistor.  Comparing the performance of the coated samples in Figure 7.3a or c, the 

129k sample in 7.3c shows initial stable cycling, while the 37k sample in 7.3a shows 

signs of unstable deposition from the beginning.  By the later cycles, shown in 7.3b and 

7.3d, both coated samples have failed and show quasi-resistive behavior.  Cells made 

from the coatings that dried into inhomogeneous films (ie 54k shown in Figure 7.1) 

failed within the first few cycles.  Cells were also made to determine the effect of coating 

thickness for the higher molecular weight samples. Preliminary results showed the 

thinner film had more stable cycling behavior. Further testing focused on investigating 

thinner film performance for the different molecular weight samples. 

 

Figure 7.3. Cycling performance of two optically homogeneous coatings on lithium 

compared to that of bare lithium.  All tests conducted at 1.0 mA/cm2. (a) Cycles 1-10 

and (b) cycles 90-100 of the 37k sample. (c) Cycles 1-10 and (d) cycles 90-100 of 

the 129k sample. 
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7.3.2 Indirect Prediction of Sample Performance 

We will now consider the indirect method of determining sample cycling performance: 

the extent of stable lithium growth in a continuous deposition before failure. Two sample 

coatings are considered at either end of the molecular weight spectrum (11k and 74k) to 

see if the proposed deposition to failure test can (1) distinguish between them and (2) 

relate to their cycling performance. Figure 7.4 shows examples of the deposition to 

failure test results for the two samples. As in Chapter 6, the first evidence of irregular 

lithium deposition is denoted as cell failure.  The test clearly distinguishes between 

them: the 11k sample fails at 0.02 hours and the 74k sample fails at 0.2 hours. 

 

 

Figure 7.4. Voltage time series examples of the typical onset of irregular growth 

seen in these experiments at 1.0 mA/cm2 for the (a) 11k and (b) 74k samples.  

 

Duplicate deposition to failure tests were conducted for each sample, to ensure the 

behavior seen in Figure 7.4 was repeatable. The amount of lithium deposited before 

failure was then calculated for each cell and averaged over the total area of the 
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electrode.  Figure 7.5 shows the stable deposition values for the two coated cases (11k 

and 74k) and the bare lithium case (see §6.3). The 11k sample is not distinguishable 

from the bare lithium, whereas the 74k sample clearly has an increased amount of 

stable lithium deposited before failure. The average amount of lithium deposition before 

failure for each sample was 5 µg/cm2 (bare), 6 µg/cm2 (11k) and 43 µg/cm2 (74k). 

 

Figure 7.5. Stable lithium deposited before failure (in µg/cm2) at 1.0 mA/cm2 for the 

bare, 11k and 74k samples  

 

Figure 7.6 shows the cycling performance of these coated samples compared to bare 

lithium. In 7.6a, one can see that the 11k sample shows unstable cycling with high 

overpotential from the beginning of cycling.  In contrast, the 74k has stable cycling with 

a steady low overpotential value of ~120 mV for the first hundred cycles.  Ultimately, this 

cell was cycled for 400 more cycles with no major signs of irregular deposition – though 

the overpotential did slowly increase to 250 mV.  



 113 

 

Figure 7.6 Cycling performance of the first 100 cycles of (a) 11k and (b) 74k samples 

compared to bare lithium at 1.0 mA/cm2.   

 

7.4 Discussion  

Ideally, an artificial SEI will work to prevent dendritic or irregular growth by 

homogenizing current density across the surface of the electrode. It is reasonable to 

expect, then, that a polymer film acting as an artificial SEI will be most effective when 

the film itself creates a complete homogeneous coating of the electrode. In Figure 7.2, it 

was shown that there was not a linear connection between the molecular weight of the 

polymer and its dried coating homogeneity.  Cell testing showed that inhomogeneous 

coatings failed quickly, but homogeneity did not directly link to improved cell 

performance compared to a bare lithium cell. Figure 7.3a shows the relatively 

homogeneous coating of the 37k sample indicated irregular lithium deposition within the 

first ten cycles. The 129k sample also had a relatively homogeneous dried film. 

Although it had more stable cycling behavior than bare lithium in the first ten cycles 

(Figure 7.3c), its performance significantly degraded as cycling continued and by 100 

cycles it is no improvement from the 37k sample (Figure 7.3d and Figure 7.3b).  A 

thicker film of 129k performed worse than a thinner film, likely due to the increased 
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impedance across the film’s thickness.  From these results, we can conclude that the 

homogeneity of the samples is not sufficient to predict their performance.  

 

The deposition to failure test performed here is an accessible screening technique to 

distinguish between potential films, as it involves only the materials and instruments 

required to electrochemically test cells in the first place. Additionally, Figure 7.4 

indicates that this technique can distinguish between samples in the time scale of tens 

of minutes as opposed to tens of hours. These data corresponded to an eight-fold 

increase in stable lithium deposition for the 74k sample when compared with bare 

lithium or the 11k sample, shown in Figure 7.5. To prove this test’s viability as a 

potential screening technique, the cells were then cycled to compare their long-term 

performance in Figure 7.6. The 74k sample shows drastically improved cycling stability 

compared to the bare lithium and 11k samples, in line with its improvement in terms of 

continuous lithium deposition stability.  While this is not enough to prove a direct 

correlation between these two phenomena, there is theoretical grounding beyond this 

data to believe they are linked. A well-functioning artificial SEI should lead to stable 

current distribution throughout any plating and stripping processes during cycling, and 

so an extended plating process is designed to test the limits of that increased stability. 

This test has further potential applications to other dendrite prevention methods, when 

provided with an appropriate baseline. 
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7.5. Conclusion 

A new method to distinguish between polymer coatings on lithium electrodes for their 

potential as artificial SEIs to prevent dendritic or irregular lithium deposition was 

introduced. Initial tests to distinguish samples by the homogeneity of their films failed, 

as did attempts to find a direct relationship between polymer molecular weight and 

cycling performance. However, an increase in the extent of stable continuous lithium 

deposition was seen in parallel to increased cycling performance. We believe there is a 

direct relation between these data, as the deposition to failure test is an intensified 

version of a cell testing regime. This test has the advantages of being both quick and 

accessible to any lab already conducting electrochemical tests. While it cannot take the 

place of cell cycling, it has the potential to be a useful tool to screen for which samples 

are most promising to push into long term cycling tests. Furthermore, it could easily be 

used more broadly when developing other dendrite prevention techniques.  
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8. Conclusions 
 

This work investigated how failure occurs at lithium battery interfaces in order to better 

understand how to design failure prevention methods.  Using nano-CT, we were able to 

non-destructively examine the internal morphology of anode materials to reveal how 

subsurface features influenced cell performance and failure. The inherent variability 

present within even a modest sample size led this work to shift focus into how to better 

test and report on failure prevention methods, specifically for dendritic type failure. 

 

The first two hypotheses of this work are addressed in Chapter 4, where the nano-CT 

was used to examine the extent of SEI growth within internal pores of a cycled graphite 

electrode. Hypothesis one stated that any growth of the SEI would increase the 

absorption signal of the sample by introducing higher Z elements into the structure and 

this could be used to track the SEI’s effect on the internal pores of the electrode.  This is 

supported by the data: a distinct increase in absorption signal was noticed after cycling, 

which can be concluded to have come from SEI growth. This was ultimately most 

compelling when it was combined with the data showing pore volume shrinkage after 

cycling in the phase contrast data. Concluding that significant SEI growth occurred at 

internal pores in the sample disproved the second hypothesis, which stated that the SEI 

had such a strong preference to form on the surface that the internal pores were 

unaffected. 

 

In Chapter 5, we expand upon the capabilities of the nano-CT and explore Hypotheses 

3 and 4. Previous studies of lithium by micro-CT indicated there might be some relevant 
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subsurface phenomena occurring during dendrite growth. Here we prove that the nano-

CT has the capability of resolving such subsurface features using the phase contrast 

mode, confirming the third hypothesis. The fourth hypothesis stated that these 

subsurface features are relevant to dendrite growth, which is partially supported by this 

data. The formation of gas bubbles under the surface of the electrode would disrupt 

electronic contact and create hot spots of high local current density. However, actual in-

operando imaging would be required to observe the direct link between these voids and 

dendritic behavior. Development of an appropriate cell for such imaging has continued 

after the work in chapter 5 was completed. 

 

Specialized imaging techniques provide compelling evidence in the development of a 

fuller understanding of lithium battery failure, but they are also only available to a limited 

subsection of the battery research community. Examining the breadth of research that 

has been conducted on lithium dendrite observation and prevention alone, we noted the 

lack of a unifying series of testing parameters that would allow for data to be compared. 

In Chapter 6, we decided to test the feasibility of creating a baseline of lithium 

deposition performance to determine the likelihood of failure at a particular set of testing 

parameters in symmetrical cell conditions. The prediction being tested here was that a 

predilection towards irregular or dendritic lithium growth would ultimately be determined 

by a host of factors that could not be completely controlled for and so the baseline 

values would be more correctly reported as a range rather than as single data points. 

This was confirmed by the data collected, where the lowest standard deviation in a data 

set was 62%. 
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The baseline was created with hypothesis five in mind, which is that the extent of 

continuous stable lithium deposition before dendritic growth in a cell is a metric that can 

be used to determine long term cell performance. In Chapter 7, this hypothesis was 

tested directly and partially confirmed. A particular set of polymers were tested for their 

potential as artificial SEI to prevent dendritic failure in cells.  No trend in polymer 

properties was observed that could easily be used to predict performance.  Instead, the 

results of the deposition to failure test (established in Chapter 6) were collected for 

different polymer samples to determine if and how they deviate from the baseline. The 

sample which showed an increased extent of stable continuous deposition also showed 

an increase in stable cell cycling performance. The sample which had a congruent 

extent of stable deposition to the baseline had sporadic cell behavior that failed quickly. 

While this is not enough to conclusively correlate the two behaviors, it is a promising 

preliminary confirmation. 

 

Future work on the creation of a baseline test should expand this data set with other 

potential dendrite prevention methods to create a more concrete connection between 

deposition to failure and cell cycling results. Should these tests prove out the connection 

we believe to be there, more work would have to be done on refining the creation of a 

workable baseline in different conditions than those already tested. Wider statistical 

trials would be required to determine the number of cells needed for each set of 

conditions to accurately represent the range of potential behaviors. At a broader 

perspective, as the battery community continues to investigate these phenomena, 
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attempts to reach a consensus on standardized language to discuss irregular or 

dendritic lithium growth will hopefully coalesce into an agreed upon set of terms. 
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