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Dedication 

To anyone who endeavors to learn something new – this thesis will likely be of only very 
little help (if any).  Instead, I’d like to share with you these two Bible verses, which I am confident 
will be of great help as they have been to me in my life. 

 
 

Trust in the LORD with all your heart, 
and do not lean on your own understanding. 

In all your ways acknowledge him, 
and he will make straight your paths 

Proverbs 3:5-6 (English Standard Version) 
 

 

Oh, the depth of the riches and wisdom and knowledge of God!  How unsearchable are his 
judgments and how inscrutable his ways! 

“For who has known the mind of the Lord, 
 Or who has been his counselor?” 
“Or who has given a gift to him 
 That he might be repaid?” 

For from him and through him and to him are all things.  To him be the glory forever.  Amen. 
Romans 11: 33-36 (English Standard Version)  
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Abstract 

Commercialization of silicon anodes could be a critical step towards increasing electric 

vehicle adoption among consumers.  Silicon has the potential for three times the volumetric 

capacity, ten times the gravimetric capacity, are more amenable for fast-charge, and can be made 

using similar manufacturing processes as the incumbent, widely commercialized graphite 

anodes.  To achieve such high capacities, silicon forms amorphous alloys with lithium during 

lithiation.  To accommodate the alloying lithium, the silicon will expand up to three times its 

original volume, kicking off a cycle of degradation involving particle cracking and irreversible 

solid electrolyte interphase growth.  Although nanosizing or nano-structuring can circumvent 

this degradation pathway, nanomaterials are not suitable for near-term commercialization due to 

high material cost and safety concerns.  Therefore, to meet battery cell cost targets of $75/kWh, 

development efforts have shifted towards improvement of microparticle silicon electrodes. 

Many milestones in the development of silicon anodes were enabled by breakthroughs in 

electrode formulation.  The most prominent of these have been the advancements in binder 

chemistry and conductive additive integration.  Comparatively few studies are devoted to 

understanding the influence of electrode formulation – the relative ratios of electrode 

components – on electrode properties and performance. 

This thesis examines the influence of formulation on structure-properties-performance 

relationships in silicon microparticle electrodes for lithium-ion batteries.  We track how 

formulation affects porosity, mechanical properties, and electrical conductivity, and identify 

correlations between these characteristics and electrochemical performance.  Full cells with 

industrially relevant capacity loadings (4.5 mAh cm-2 at beginning of life) were evaluated using 

three critical performance metrics: fast-charge capability, capacity retention, and gravimetric 



 xvii 

energy density.  We build upon the literature by utilizing diffraction techniques to detect silicon 

amorphization, thus utilization, and understand how this is affected by formulation and cycling. 

We also utilize first-of-its-kind operando magnetic dilatometry to explore the effects of 

formulation, capacity ratio, and electrolyte selection on cell expansion in coin cells.  We track 

reversible and irreversible cell expansions.  Our measurements reveal that reversible expansions 

scale with cell discharge capacity and are most sensitive to the mechanical properties of the 

electrode.  Meanwhile, irreversible expansions are a symptom of cell degradation mechanisms, 

with electrolyte composition showing the strongest influence.  Ultimately, these measurements 

shed light on how volumetric energy density evolves with cycling—an important metric for 

battery integration.    

The insights gained through the course of this work are expected to inform continued 

electrode and cell optimizations, guide definition of product specifications for 

commercialization, and serve as a catalyst for future research and development of silicon anode 

electrodes for lithium-ion batteries. 
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Chapter 1 Introduction 

Consumer demand for battery electric vehicles (BEVs) is rapidly increasing1,2.  In response, 

battery manufacturers are planning a ten-fold increase in battery plant capacity in North America 

over the next ten years, particularly concentrated along the I-75 corridor1.  Although the demand 

is increasing, three main barriers prevent widespread consumer adoption of battery-electric 

vehicles: range, charge time, and cost1–4.  Since the introduction of electric vehicles, significant 

improvements have been made.  From 2010 to 2020, the sales-averaged all electric range for BEVs 

increased from 75 to 290 miles1. Charging times have decreased from >10 hours to 30 minutes, 

under certain conditions, for 200 miles of range5.  However, the price of BEVs has steadily 

remained above that of internal combustion engine (ICE) vehicles1,4.  In 2020, the sales-weighted 

average price of a BEV was $55,000, while the average expenditure for an ICE light-duty vehicle 

was only $40,0001. 

One moderate-risk cost-reduction strategy is to shift the anode electrode active material 

from graphite to silicon.  Unlike in graphite, where lithium-ions intercalate between the carbon 

layers, silicon is an alloying anode, forming a compound with silicon during lithiation, thus 

resulting in a significant advantage in energy density6,7.  The maximum lithium stoichiometry in 

graphite is C6Li, while approximately Li4.4Si in silicon. 

Table 1: Energy density of three lithium-ion anode materials 

Anode Material 
Gravimetric Capacity 

(mAh g-1) 
Volumetric Energy Density 

(Wh mL-1) 
Graphite (LiC6) 372 2.7 
Silicon (Li15Si4) 3579 4.7 

Lithium 3860 --- 
 *Calculated at 100% volume expansion vs. 3.75 V cathode; assumed graphite = 10% volume expansion at full lithiation 
and silicon = 300% volume expansion at full lithiation7. 
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Other advantages to silicon are its earth-abundance8 and potential for fast-charge5.  For 

electric vehicle consumers, these properties could translate to reduced vehicle mass, reduced 

battery pack volume (more vehicle design flexibility), reduced vehicle cost, increased energy 

efficiency, increased vehicle range, and faster charge times.  When paired with a high-capacity, 

high-voltage cathode, such as nickel-rich nickel manganese cobalt oxides, early cost projections 

estimate that the cell cost could reach < $125/kWh9,10.  Moreover, silicon could be a drop-in 

replacement for graphite, as silicon electrodes can be produced using the same manufacturing 

processes as graphite, thereby significantly reducing the capital investment required to make the 

swap.  

However, significant challenges must be solved before silicon-dominant anode electrodes 

can be commercialized—namely poor cycling stability and poor calendar life11.  Silicon and 

lithiated silicon surfaces are inherently very reactive in the presence of liquid electrolytes, especially 

at low voltages, which increase the driving force for electrolyte side-reactions.  When new silicon 

surface is exposed due to lithiation volume expansion, electrolyte side reactions can occur and 

result in degradation of the electrode performance via electrolyte depletion, resistance buildup, 

and pore clogging.  Because of these issues, electric vehicle OEMs have yet to commercialize 

silicon-dominant anodes in BEVs.  However, the potential benefits of silicon remain alluring and 

continue to attract great research attention and catalyze major investments in a plethora of start-

up companies12–14. 

1.1 Discovery and Development of Silicon Battery Electrodes 

The feasibility of using silicon as a reversible alloying anode material was first 

demonstrated by Sharma and Seefurth at General Motors in 197615,16.  At this stage, lithiation and 

delithiation of silicon used molten salt electrolytes, necessitating very high operating temperatures 

(650 to 750 K).  Nevertheless, this pioneering work elucidated fundamental thermodynamic 

properties of the lithium-silicon system.   
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Many developments in the understanding of the lithium-silicon system quickly followed.  

In 1981, high temperature chemical diffusion coefficients in the intermediate phases of the 

lithium-silicon system were measured by Wen and Huggins using potentiostatic intermittent 

titration experiments17.  The chemical diffusion coefficients across all four equilibrium phases, 

Li12Si7, Li7Si3, Li13Si4 and Li22Si5, is on the order of 6.0 x 10-5 cm2 sec-1 at 415°C.  However, the high 

operating temperatures and aggressively corrosive electrolyte materials remained an issue.   

By the 1990s, substantial developments in layered metal oxide cathode materials, liquid 

electrolytes, and carbonaceous anodes made modern-day lithium-ion batteries a reality18, and 

researchers around the world began investigating silicon as a next-generation lithium-ion anode 

material.  However, achieving acceptable reversibility in silicon electrodes was a challenge.  The 

expansion and contraction of silicon during the charge/discharge process resulted in extensive 

particle cracking.  Over time, this causes the silicon particles to disconnect from the current 

collector and capacity fading ensues.   

The first few publications where silicon was successfully incorporated into a lithium-ion 

anode involved forming a composite electrode of carbon and silicon.  In 1996, Wilson et al. 

achieved a capacity of 600 mAh g-1 by using nano-dispersed silicon in pre-graphitic carbons using 

chemical vapor deposition (CVD)19.  Unfortunately, the silicon content was limited to 11 wt%, due 

to its propensity to form inactive silicon carbide under CVD conditions.  In 1998, Wang et al. 

reported > 1000 mAh g-1 (and 800 mAh g-1 after 10 cycles) in electrodes made by ball milling carbon 

and silicon together20.  The high capacity was attributed to the nano-sized particles (~50 nm), 

which was achieved after extensive ball milling (150 hours).  The electrode formulation was 73.6 

wt% carbon, 18.4% silicon, and 8 wt % PTFE binder.  This was the first demonstration of the 

benefits of nano-sizing silicon, following after the demonstration of this concept in Sn, Sb, and Ag-

based alloy anode materials by Yang et al21.  Size confinement (< 150 nm) in nanostructures resists 

particle cracking in electrodes, enabling significant improvements in cycling stability22.   

One of the earliest functional electrodes with majority silicon content was published by 

Hong Li et al23.  This electrode featured silicon nanoparticles ball milled with carbon black, with a 
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formulation of 40 wt% silicon (78 nm diameter), 20 wt% carbon black, and 20 wt% PVDF binder.  

This electrode achieved 1700 mAh g-1 over 10 cycles.  Building off this development, remarkable 

performance has been achieved by using nano-sized silicon structures in battery electrodes.  Using 

nanowires, Chan et al. was able to achieve > 3,000 mAh g-1 over 10 cycles – extremely near to the 

theoretical capacity of silicon24.  Other notable nanostructures include core-shell structures25, 

nanoporous silicon26,27, and hollow nanospheres28. 

There are many review articles on silicon as a lithium-ion anode active material that can be 

referred to for further detail on the subject6,7. 

1.1.1 Nano- vs. Micro- Silicon Particles 

Despite the exceptional performance of silicon nanostructures, several drawbacks have 

kept industrial research focused on microparticles instead.   Nanoscale size confinement results in 

a higher surface area-to-volume ratio, which creates more surfaces for solid-electrolyte interphase 

(SEI) formation, consuming electrolyte and lithium29.  Slurries containing nanoparticles also 

require higher solvent content to maintain a suitable coating viscosity, which then requires 

additional energy expenditure to dry during in the case of slurry-made electrodes 

manufacturing30,31.   If dry-electrode manufacturing processes are used, the safety hazards of 

airborne nanoparticles must be considered32.  Nanosized powders also have low tap density, i.e., 

compacted mass per volume, which ultimately limits the volumetric energy density achievable.  

Moreover, the manufacturing cost for nanomaterials remains prohibitively high for consumer 

applications, due to time-intensive production routes, low yields, and scale-up issues33.  Because of 

these disadvantages, development activities aimed at near-term production have focused on 

electrodes using micron-scale silicon structures.  

1.2 Electrode Formulation 

Subsequent landmark developments in commercially relevant silicon electrodes largely 

surrounded breakthroughs in the inactive components.  We will focus on composite electrodes, as 
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they can be manufactured using well-established, high-throughput methods such as roll and slot-

die coating, making this electrode type suitable for large-scale commercialization.  These electrodes 

are a porous mixture of active material (silicon), conductive additive (typically carbon), and 

polymeric binder coated onto a copper current collector.  A schematic of a composite silicon 

electrode cross-section is shown in Figure 1. 

 
Figure 1. Schematic of composite silicon electrode cross-section 
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A scanning electron microscope image of a cross-section of an electrode used in this study 

is shown in Figure 2, for comparison.   

 
Figure 2. Secondary electron scanning electron micrograph of a composite silicon electrode. 

The next sections will provide a brief overview of notable work concerning binders and 

conductive additives for silicon electrodes. 

1.2.1 Development of Binder Chemistries for Silicon Anodes 

A major milestone in silicon battery electrodes was the discovery that binder chemistry 

could substantially improve electrode performance.  This kicked off an era of intense research to 

discover the best binders for silicon.  There are numerous review articles on this subject34–40.  A 

highlight of a few relevant developments is presented below. 

While fluorinated polymers were conventionally used as battery binders due to their 

chemical stability, reliance on Van der Waals interactions was insufficient for maintaining 
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mechanical integrity in high volume expansion anodes.  Moreover, polyvinylidene fluoride 

(PVDF) is reactive with lithium silicides, further contributing to electrode degradation41.   

One way to improve binder effectiveness is to facilitate the formation of covalent bonding 

between the binder and electrode particles.  Li et al. showed that using carboxymethyl cellulose 

(CMC) as binder dramatically enhanced the initial capacity and cyclability of silicon-dominant 

electrodes, achieving 800-1200 mAh gSi
-1 over approximately 80 cycles with an electrode 

formulation of 80 wt% Si, 12 wt% SuperS carbon black, and 8 wt% CMC42.  Magasinski et al. 

demonstrated the use of polyacrylic acid (PAA) as an efficient and effective binder for silicon, 

achieving > 2000 mAh gSi
-1 over 100 cycles with an electrode formulation of 43 wt% Si, 42 wt% 

carbon black, and 15 wt% binder43.  Kovalenko et al. demonstrated the efficacy of sodium-alginate, 

another polymer with carboxylic acid functional groups, maintaining nearly 2000 mAh gSi
-1 over 

100 cycles with a formulation of 64 wt% silicon, 22 wt% carbon black, and 15 wt% binder44.  

Alginate, PAA, and CMC all contain an abundance of carboxyl groups along the polymer 

backbone, which can covalently bond to the -OH groups on the silicon surface, providing long-

lasting mechanical integrity45–47.  The performance of these binders can be further improved by 

silicon particle surface modification or fine tuning slurry pH to modulate particle-binder 

bonding48–52. 

Another polymer that has been successfully used as a silicon electrode binder is polyimide 

(PI), a chemically resistant, thermally stable, and stiff polymer53.  PI is a thermoset polymer, formed 

in-situ from poly (amic acid), as the high aromaticity and low solubility of PI makes it difficult to 

process otherwise.  Through a condensation reaction at elevated temperatures, poly (amic acid) 

grafts onto the Si particle surface and forms polyimide.  A summary of the performance of Si 

electrodes with PI binder is listed in Table 2. 
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Table 2: Summary of Silicon Electrodes with Polyimide Binder in Literature 

Reference Active material Formulation Si Loading Performance 
Kim et al.54 5 µm Si, 

as received and 
etched for 
porosity 

50/40/10 0.22-0.24 mg cm-2 76% capacity retention 
at 20 cycles, half cell 

Uchida et al.55 Micrometric Si 75/10/15 2 mg cm-2 167 cycles at 800 
mAh/g capacity limit 
and 1600 mA/g current 
density 

Wilkes et al.53 Si alloy, 3 µm 70/15/15 0.85 mg cm-2 > 80% capacity 
retention @ 50 cycles 

  *Publication lists volumetric loading of 4.4-4.8 mg cm-3 and approximate electrode thickness of 50 µm.  Areal loading 
was calculated from these values.  

 

There has also been a plethora of “designer” binders which incorporate various 

functionalities and properties that have achieved notable improvements in electrode performance, 

such as self-healing, soft/hard segments56, molecular scale mechanical strain relief57,58, cross-

linking40,59,60, and electronic conductivity61–67 into the polymer backbone.  However, few silicon 

electrodes in literature exceed 3 mAh cm-2 (Figure 3).  Meanwhile, demonstration of good 

performance at > 4 mAh cm-2 loadings are targeted for commercialization in automotive 

applications68. As such, the state-of-the-art has yet to converge on one or a few of the available 

binders for silicon electrodes. 

1.2.2 Conductive Additive Morphologies 

Another key component of silicon electrodes is conductive additive.  In battery electrodes, 

conductive additives are typically carbonaceous.  

The main function of the conductive additive is to provide an electrically conducting 

network throughout the electrode.  We provide a summary of the electrical resistivities of the 

various components of silicon electrodes below. 
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The electrical resistivity of silicon depends on the purity and oxide layer thickness.  Silicon 

is inherently non-conductive.  The resistivity of intrinsic silicon is 2500 Ω cm69, while that of 

metallurgical grade silicon is 0.66-2.05 Ω cm70, closer to that of doped silicon used in 

microelectronics.  However, all the materials which coat the silicon particles are substantially more 

resistive.  Silicon forms a native oxide layer around 1-5 nm thick upon exposure to oxygen, even 

at room temperature71.  The resistivity of this oxide layer is on the order of 1017 Ω cm72.  Polymeric 

binders are generally insulating materials. While conductive polymer binders have lower 

resistivities, >1 Ω cm73 for PEDOT:PSS, most other polymer binder materials have substantially 

higher resistivities: PAA resistivity is on the order of 1012 to 1013 Ω cm74, PVDF on the order of 1014 

to 1015 Ω cm75, and PI on the order of 1016 to 1017 Ω cm76.  Lastly, the electrically insulating nature 

of the SEI, which forms on all surfaces of the anode electrode, is key to its function and typically 

has a resistance of around 1-2 x 107 Ω cm and a thickness of 30-50 Å77.  With all the resistive 

components within the electrode, an electrically conductive network is necessary to facilitate the 

electron exchange that occurs during charging and discharging. 

In contrast, the carbonaceous materials typically used as conductive additives for battery 

electrodes exhibit relatively high conductivity.  The resistivity of typical carbon conductive 

additives depends on the chemical structure, surface groups, and defect density78.  Due to 

differences in chemical bonding structure, graphene is the most conductive allotrope of carbon, 

while diamond is the most insulating one.  Carbon black is the most commonly used conductive 

filler in battery electrodes.  It is the product of either incomplete combustion or anoxic thermal 

decomposition of hydrocarbons79 and is electrically conducting with a resistivity on the order of 

10-2 to 101 Ω cm80,81.  Other common carbon filler morphologies include graphite (103 Ω cm 

perpendicular to the basal plane and 10-4 Ω cm parallel to the basal plane in single crystals82), vapor 

grown carbon fibers (10-5 to 10-2 Ω cm83,84), multi-walled carbon nanotubes (~10-1 Ω cm85), and 

single-walled carbon nanotubes (10-6 to 101 Ω cm, depending on helicity86).  Conductive networks 

can also be formed in-situ via pyrolysis of polymeric materials, such as poly acrylonitrile (PAN).  

Resistivity of pyrolyzed PAN ranges between 101 and 105 Ω cm87. 
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Usage of conductive additives in battery electrolytes must be judicious, balancing 

electrochemical performance benefits with processing characteristics and energy density.  For 

slurry-made electrodes the slurry viscosity must be controlled to produce defect-free coatings.  

Slurry rheology is not just affected by solid volume fraction, but also factors such as particle size 

distribution, and particle shape88. Although low-density, high aspect ratio conductive filler particle 

morphologies are advantageous for gravimetric energy density, it must be balanced against the 

impact on other manufacturability and cost metrics.  Increasing the amount of low-density and/or 

high aspect ratio conductive additive particles in the electrode formulation will necessitate an 

increase in slurry solvent content to maintain the same viscosity.  However, increasing the solvent 

content increases the energy needed to dry the coating, thereby increasing manufacturing cost89.   

Overdosing electrodes with conductive additives can also hamper volumetric energy 

density.  Commercial and state-of-the-art cathode electrodes typically use < 5 wt% conductive 

additive content90,91.  Meanwhile, the conductive additive content of microparticle silicon electrode 

formulations in published literature spans a large range—from 5 to 40 wt%54,92, more commonly 5 

to 15 wt%42,48,53–55,58.  The large range indicates that there is ample opportunity for improving the 

efficiency of conductive additive usage in silicon electrode formulations. 

1.3 Development Targets and Current Status 

The United States Advanced Battery Consortium (USABC) and the Department of Energy 

Vehicle Technologies Office have set performance targets to guide research and development work 

in academia, government labs, and industry68,93.  The overarching goals are to: 

• Reduce the cost of electric vehicle batteries to less than $100/kWh—ultimately $80/kWh 

• Increase range of electric vehicles to 300 miles 

• Decrease charge time to 15 minutes or less 

More relevant to silicon are the targets for low-cost, fast-charge batteries, which include 

reaching 1000 cycles at > 4 mAh cm-2 for commercialization in 202568.  Despite the many 
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developments in silicon electrodes for lithium-ion batteries, the challenge of achieving these 

targets still stands.  A brief overview of the functional capacity vs. cycle number for silicon-

containing electrodes reported in literature is included below.   

Table 3: Brief Literature Review of Functional Capacity vs. Cycle Number for Silicon-Containing 
Lithium-Ion Anodes, to Capture Functional Capacity of Electrodes after Extended Cycling 

Reference Material System Functional Capacity 
(mAh cm-2) 

Number of Cycles 

Zhang et al.92 MXene Si nanoparticles 5 50 
  1.28 250 
Cho et al.57 Pyrene-Polyrotaxane-

Poly acrylic acid, SiO 
2.25 160 

  3 60 
  2 450 
  2.5 100 
Choi et al.58 Polyrotaxane-Poly acrylic 

acid, Si nanoparticles 
1.5 400 

  2.5 50 
  2.25 150 
Uchida et al.55 Polyimide, Si 

microparticles 
1.6 300 

  2.4 175 
Neale et al.94 Pitch, Si nanoparticles 0.968 800 
Jia et al.95 CNT-Si nanoparticle 

composite, half cell 
2.75 500 

 CNT-Si nanoparticle-
Graphite composite, full 
cell 

3 500 

Dang et al.48 Lithiated-PAA,  
Si microparticles 

2.025 100 

Wang et al.96 Self-healing binder,  
Si microparticles 

1.2 130 

is Work PI, Silicon 
microparticles, 1 x PI 

2.5 175 

 PI, Silicon 
microparticles, 3 x PI 

2 212 

 



 12 

0 2 4 6
0

200

400

600

800

1000

1200

N
um

be
r o

f C
yc

le
s

Functional Capacity Loading (mAh cm-2)
 

Figure 3. Plot of cycle number vs functional capacity loadings as reported in literature.  Performance of the electrodes 
from in this work is denoted by the orange triangle (1 x PI formulation) and magenta circle (3 x PI formulation) 
symbols.  The red X denotes the USABC target for 2025 production. 

 

1.4 Dissertation Scope 

From the literature, it is evident that the inactive components of the electrode play a 

significant role in realizing the full potential of silicon in lithium-ion batteries.  Many of the 

milestone developments in silicon development depended upon effective design, formulation, and 

incorporation of binder and conductive additives.  Yet, the study of how to formulate battery 

electrodes remains on the sidelines of published literature.  Developing the fundamental 

understanding to guide optimization of binder and conductive filler use in silicon electrodes 

remains a largely unexplored area in literature and would provide significant benefit to the 

research community. 

This dissertation aims to elucidate the influence of formulation on structure, properties, 

and electrochemical performance of silicon anode electrodes.  The second chapter focuses on 
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understanding the effect of binder content in silicon microparticle electrode formulations, the 

third chapter on the effects of conductive additive content, and the fourth chapter on how cell 

design affects cell expansion and ultimately, volumetric energy density. 
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Chapter 2 Effect of Binder Content 

2.1 Introduction 

Silicon anodes are seen as the next advancement in lithium-ion battery anode technology, 

as they have the potential for three times the volumetric capacity, ten times the gravimetric 

capacity97, are more amenable for fast-charge98, and can be made using similar manufacturing 

processes as the incumbent, widely commercialized graphite anodes99.  The introduction of 

silicon anodes could be a critical step towards increasing electric vehicle adoption among 

consumers. However, insufficient electrode durability remains a significant barrier to widespread 

commercialization. It is well-known that silicon undergoes a nearly 300% volume expansion 

during full lithiation, which can crack the active material and electrode, leading to active material 

isolation, additional electrolyte decomposition and concomitant solid-electrolyte interphase 

(SEI) formation, increases in ionic resistance, and ultimately, irreversible capacity loss6,97,100.  

Nanoparticle and nanostructured silicon electrodes were proposed as possible solutions to these 

issues, as size-confinement resists cracking101,102.  However, low tap density, high interparticle 

resistance, and high manufacturing costs make nanosized silicon anodes unappealing for 

industrial production. Consequently, industrial focus has shifted towards micron sized silicon 

electrodes103–105. 

Binder optimization is a key factor in mitigating the degradation of composite silicon 

electrodes. In composite electrodes, binders are required to maintain the electrode’s conductive 

network and mechanical integrity34,36,106.  The large volume expansion and particle cracking in 

silicon microparticle electrodes necessitate improved electrode binders, as conventional PVDF 

binders were found ineffective in silicon electrodes42,97,104.  Several binder chemistries reported in 

literature have enabled relatively long-term cycling of silicon microparticle electrodes, including 
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partially lithiated poly (acrylic acid)48, poly(rotaxane)58, and self-healing polymers96,107,108.  These 

binder chemistries are able to form effective bonds between electrode components and maintain 

mechanical integrity of the electrode throughout cycling. 

Despite being an “inactive” electrode component, the binder impacts nearly every aspect 

of electrode performance. Beyond its mechanical function, the binder also influences slurry 

processing characteristics109–111, resulting electrode morphology112, composite mechanical 

behavior113,114, interfacial interactions with the electrode particles45,115, and solid—electrolyte 

interphase formation115–118, which can then impact the electrode’s electrochemical 

performance112,119.  Despite the progress in this area of research, there are still gaps in scientific 

understanding of the ideal binder content and morphology within a slurry and its resultant 

composite electrode, including: 

• Should the binder coat the silicon particles conformally to promote electrode cohesion? 

How would a uniform coating affect the electronic and ionic conduction pathways? 

• What are the effects of binder content on the electrode morphology, e.g., porosity and 

tortuosity?   

Recent reports have shown that inhomogeneous binder coverage on silicon particles 

could still produce high-performing electrodes110,119, despite earlier analysis that suggested 

conformal coatings of binder on silicon to be optimal for limiting SEI formation and maintaining 

mechanical integrity97.  Landesfeind et al. studied the influence of binder on graphite electrode 

tortuosity, and showed that lower binder layer thicknesses resulted in lower electrode tortuosity 

and improved rate performance112.  Many studies have reported cycling data for electrodes at 

different areal loadings; generally, higher loaded electrodes suffer from faster degradation56,108,120. 

Few publications have reported battery performance data from several electrode 

formulations using the same binder and at the same high areal capacity, as formulation 

optimization was not the main focus of their studies. Generally, more binder is shown to be 

beneficial to improving electrode capacity and durability62,67 and insufficient carbon content can 

hinder electron transport55.  There is a wide range of binder contents utilized in literature for 
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silicon electrodes, ranging from 8 to 44 wt%48,49,96,107.  The wide range is partially due to 

differences in silicon and conductive filler particle sizes and densities, which influence the total 

particle surface area. To our knowledge, there has not been a published, systematic study on the 

impact of binder content on long-term cycling and rate performance in microparticle silicon 

anodes at industrially relevant areal loadings in full cells.  

In this study, we focus on investigating the impact of polyimide (PI) binder weight 

fraction in silicon microparticle electrodes with high loadings. Electrode adhesion to the current 

collector, cohesion, porosity, electrical resistivity, and electrical tortuosity were characterized in 

pristine electrodes. These properties were then correlated to electrode cycle life and rate 

performance in Si-NMC622 full cells. We show that there is an optimal binder weight fraction 

for a given type of polymer binder. Increasing binder weight fraction improves electrode 

adhesion and cohesion, resulting in improved cycle life. However, increased binder weight 

fraction decreases electrical conductivity and porosity, leading to poorer silicon particle 

utilization, capacity, and rate performance.  

2.2 Experimental Methods 

2.2.1 Electrode Preparation and Cell Construction 

Silicon microparticle electrodes were prepared by mixing silicon microparticles (Elkem 

Silgrain e-Si 409, D50 = 2.7 µm), graphene nanoplatelets (GNP) (xGSciences, xGnP, grade H5, 

average particle diameter = 5 µm), and polyimide binder (Ube U-Varnish A) with n-methyl-2-

pyrrolidone (NMP) (VWR, SEMI grade) as solvent. The slurries were prepared by a planetary 

mixer (FlackTek SpeedMixer, DAC 600.1 FVZ) with 3 mm yttria stabilized zirconia beads in the 

mixing cup to help break up particle agglomerates. Mixing bead to slurry weight ratio was 1:2.  

The slurry preparation steps were optimized for particle de-agglomeration by maintaining a high 

solids content during initial mixing and adding the binder solution incrementally. 

Slurry preparation steps were as follows:  
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1. Add silicon, GNP, NMP, and mixing beads to slurry mixing cup and mix at 2000 rpm for 

15 minutes.   

2. NMP weight ratio was 40%.   

3. Mixing beads were 33% of total final slurry weight. 

4. Add more NMP and mix at 2000 rpm for 15 minutes. 

5. New NMP weight ratio is 50%. 

6. Add half of binder solution and mix at 2000 rpm for 10 minutes. 

7. Repeat step 3. 

8. Coat onto copper using doctor blade.  To achieve target loading, doctor blade was set 

between DR9 and DR18, depending on the solvent content of the formulation. 

Slurries were cast on battery grade copper foil (thickness 8 µm) using an 80-180 µm gap 

on doctor blade (MTI Corporation) and automatic coater (MTI Corporation). Gap settings 

varied based on the formulation. Electrode coatings were dried under vacuum at 50°C overnight 

then heat treated to 350°C for 30 minutes under argon in a tube furnace (MTI Corporation, OTI-

1200X) to imidize the binder. Electrode active mass loadings were 3 – 3.5 mg cm-2. For our study, 

we varied the binder content in the formulation while keeping the silicon-to-carbon weight ratio 

to 8:1.  Table 4 lists the formulations tested in this study. The 80/10/10 formulation was chosen 

as our baseline because it produces a binder layer thickness of 6 nm, which has empirically been 

shown to produce a good balance between energy density, electrochemical performance, and 

electrode cohesion in NMC cathodes and graphite anodes112,121. 

Table 4: Electrode formulations utilized to study effect of binder content. 

Formulation Name Si/C/PI (wt %) Calculated Binder ickness (nm) 
𝟏𝟏
𝟑𝟑� × 𝐏𝐏𝐏𝐏 85.8/10.7/3.5 2 

𝟐𝟐
𝟑𝟑� × 𝐏𝐏𝐏𝐏 82.8/10.4/6.8 4 

𝟏𝟏 × 𝐏𝐏𝐏𝐏 80/10/10 6 
𝟒𝟒
𝟑𝟑� × 𝐏𝐏𝐏𝐏 78/9.8/12.2 8 
𝟑𝟑 × 𝐏𝐏𝐏𝐏 66.7/8.3/25 18 
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Cathode electrodes were provided by the General Motors Warren Cell Fabrication 

Laboratory. The electrodes contained 93.5 wt% NMC622, 2.5 wt% SuperP (Imerys), 1.5 wt% KS6 

(Timcal), and 2.5 wt% PVDF binder (Kynar HSV 1800) and were pressed to 25% porosity. 

Cathode active material loading was 4.5 mAh cm-2. 

 
Full cells were assembled using the silicon anode electrodes (15.3 mm diameter), 

NMC622 cathode (12.7 mm diameter), Celgard 2325 separator, 40 µL of electrolyte (1.2 M LiPF6 

in dimethyl carbonate:fluoroethylene carbonate 1:4 with 2 wt% of vinylene carbonate and 3 wt% 

of OS3 from Silatronix), a 1.0 mm stainless steel spacer, and a 1.4 mm spring in a CR2032 coin 

cell. The capacity ratio of the negative to positive electrodes were N/P = 2.0 ± 0.05. 

2.2.2 Electrochemical Testing 

Electrochemical tests were conducted on a Maccor cycler. Charge rates were calculated 

based on the cathode electrode capacity. The galvanostatic cycling protocol consisted of two 

formation cycles (CC charge at C/20, CV charge until C/50, CC discharge at C/20) followed by 

cycling (CC charge at C/5, CV charge until C/20, CC discharge at C/5) between 3.0 and 4.2 V. A 

15-minute rest period was employed after each charge and discharge. The rate testing protocol 

used the same formation protocol, followed by 5 cycles at C/10, C/5, C/2, 1C, 2C, 5C, and C/5. 

Discharges were carried out at C/5 when charge rate exceeded that rate, to ensure that electrodes 

were sufficiently discharged at each cycle. 

2.2.3 Porosity Measurement 

Total electrode porosities were calculated from thickness and weight measurements from 

a circular punch of electrode coated on copper current collector using the following equation: 

𝑃𝑃 =
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝜋𝜋𝑟𝑟2

𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑓𝑓𝑆𝑆𝑆𝑆
𝜌𝜌𝑆𝑆𝑆𝑆

+ 𝑓𝑓𝐶𝐶
𝜌𝜌𝐶𝐶

+ 𝑓𝑓𝐵𝐵
𝜌𝜌𝐵𝐵
�

 

eq. 1 
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, where telectrode denotes the thickness of the electrode coating, r denotes the circular punch radius, 

welectrode is the weight of the electrode coating, and fSi, fC, fB, ρSi, ρC, and ρB are the weight fractions 

and densities of silicon, conductive carbon, and binder, respectively. The electrode coating 

thickness was obtained by subtracting the bare copper thickness from the total electrode 

assembly thickness. Electrode thickness measurements were taken using a Heidenhain MT 1281 

length gauge in order to determine electrode porosity or to convert electrode resistance to 

resistivity. 

Connected porosity was measured by soaking electrode punches in electrolyte for 18 

hours and weighing the electrodes before and after soaking. Five 15.3 mm punches were weighed 

at once to reduce the effects of experimental noise. Further details are provided in Appendix D.  

2.2.4 Electrical resistivity measurements 

Electrical resistivity measurements were conducted by measuring the resistance across a 

symmetric coin cell. These CR2032 coin cells contained two electrodes of interest with the 

electrodes facing one another, a 1.0 mm stainless steel spacer, and a 1.4 mm spring. 

2.2.5 Mechanical Testing 

Microscratch testing was conducted with an Anton Paar Micro Scratch Tester with a 

diamond spheroconical indenter (semiapex angle 60°, tip radius 2 µm) on electrode coatings on 

copper foil. Samples from electrode coatings were mounted onto the surface of mechanically 

polished, cylindrical acrylic pucks using superglue. The acrylic puck was then clamped on the 

MicroScratch Tester for scratch testing. The scratch distance, scratch velocity, and starting 

normal load were 2500 µm, 12 µm/sec, and 10 mN, respectively. Maximum normal loads were 

50, 200, and 400 mN for the 1/3 x, 1 x, and 3 x PI electrodes, respectively. Variations in electrode 

strength due to binder content necessitated the use of different maximum normal forces during 

the scratch testing. Excess normal load would scratch the current collector, while insufficient 

normal load could not scratch the electrode surface. We found that measured fracture toughness 
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became invariant once a critical normal load was reached. Scratch depths were measured using a 

Bruker NP Flex 3D metrology system. 

The 180° peel test was conducted following the methodology presented in Hu et al.’s 

work122.  Electrode coatings were cut to 10 mm width and at least 60 mm in length and adhered 

to an aluminum plate using double-sided tape (3M, 410M tape). Peel tests were conducted using 

an Imada ZTA-1 5 N load cell and tester, pulling the current collector at 50 mm min-1.  

2.2.6 Scanning Electron Microscopy 

Scanning electron microscope (SEM) images were taken on a Hitachi S-4800 at 2 kV, 

using the secondary electron detector. Cross-sections were prepared using a Hitachi IM4000 ion 

milling system. For sections of cycled electrodes, cells were disassembled in an Argon-filled glove 

box and transferred to the ion miller in sealed containers. Sample alignment for ion milling and 

transfer to SEM were done in air as quickly as possible to minimize air exposure. Air exposure 

was typically less than two minutes. 

2.2.7 X-ray Diffraction 

X-ray diffraction (XRD) was conducted using a Bruker D8 Advance equipped with a 

Lynxeye detector in 1D mode and Cu Kα radiation at 39 kV and 40 mA. 2θ range, step time, and 

step size were 5-100°, 1.00 s, and 0.020°, respectively. Cycled electrodes were extracted from coin 

cells and rinsed in dimethyl carbonate (DMC). In coin cells, the anode is oversized, so prior to 

XRD analysis, the cycled anodes were cut with a 3/8-inch circular punch to remove the excess, 

unreacted silicon along the outer edge of the oversized electrode. After punching, the electrode 

was placed in an airtight XRD specimen holder (Bruker, Airtight PMMA Rings) and sealed with 

Kapton film. 

2.2.8 Atomic Force Microscopy 

To study the electrical connectivity of prepared electrode cross-sections, PeakForce 

Tunneling AFM (PFTUNA) was implemented. Cross-sections of electrodes were mounted onto 
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a cross-section holder in an argon filled glovebox. The current collector was electrically 

connected to ground using carbon sticky tape while the conducting AFM tip (SCM-PIT V2, 

Bruker AFM probes) was used as an electrical probe. The PeakForce set point was set to 1.2 volts 

(V) to ensure good electrical contact between the probe and the sample during the measurement 

while an applied voltage of 2 V between the current collector on the electrode cross-section and 

AFM tip was used. The current sensitivity was set to the maximum setting (20 pA/V). 

 

Data analysis was performed using OriginLab software (Origin 2022, Northampton, MA). 

One-way analysis of variance with Tukey’s method was used to analyze statistical significance. 

Sample sizes are indicated in each figure caption. Error bars represent standard deviation. 

2.3 Results  

2.3.1 Pristine Electrode Properties 

To gain an understanding of electrode properties prior to cycling, the porosity, electrical 

conductivity, mechanical cohesion and adhesion in pristine electrodes with varying binder 

content were measured.  

Figure 4 shows SEM images of electrode cross-sections at different stages of cycling. The 

top row shows the electrodes in their as-made, pristine state. Silicon particles, GNP particles, 

electrode pores, and the copper current collector are indicated by the arrows on the top left 

image. The vertical striations are artifacts from ion milling. The binder phase is difficult to see in 

the low-binder content electrodes due to lack of spatial resolution, while it can be identified as 

the space-filling grey with rounded edges that surrounds the particles in electrodes with higher 

binder content. The total thickness of the pristine electrodes decreased with increasing binder 

content. SEM images of the cycled electrode cross-sections will be discussed later in this section. 
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Figure 4. SEM images of 1/3 x PI (left column), 1 x PI (middle column), and 3 x PI (right column) electrodes in their 
pristine state (top row), after formation in the delithiated state (middle row), and after 50 cycles in the delithiated 
state (bottom row). The scale bar applies to all images. 

Figure 5 shows the measured porosity for pristine electrodes with different binder 

loadings, averaged over three sets of five electrode punches. The total height of the bars 

represents the total porosity, while the connected pores are represented by the lower portion of 

the bars. The balance is assumed to be isolated pores and is represented in top portion of the 

bars. While the total porosity decreases with increasing binder content, the connected porosity is 

most severely impacted by increasing binder content. 
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Figure 5. Isolated and connected porosity of pristine electrodes for each formulation (n = 3). 

We used micro-scratch tests to characterize the cohesion between electrode components, 

following the methodology and analysis presented by Dang et al.48  SEM images of the scratch 

surfaces (Figure 6) show that the scratch causes cracking and flaking of the electrode rather than 

of the electrode particles.  

 

Figure 6. SEM of scratched surfaces on the electrodes. 

Fracture toughness, Kc, which represents the electrode’s resistance to cracking, was 

calculated using eq. 2, where FT is the lateral force measured during the scratch test, d, the 

diameter of the scratch tip, and 𝜃𝜃, the semiapex angle of the scratch tip. 
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eq. 2 

Fracture toughness was observed to increase with binder content (Figure 7a). 

Peel tests were used to evaluate the electrode-to-current collector adhesion. For each 

specimen, peel force was determined as the average peel force measured over 30 mm of peel 

length. Typical peel force vs. peel length curves are provided in Figure 8.  Peel force was also 

observed to increase with binder content (Figure 7b). 

 
Figure 7. (a) Fracture toughness from scratch tests and (n ≥ 3) and (b) peel force from 180° peel tests on pristine 
electrodes of each formulation (n ≥ 5). 
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Figure 8. Typical peel strength vs peel length curves. 

To understand the impact of binder content on the electronic pathways through the 

electrodes, we measured the electrical conductivity of pristine electrodes with varying binder 

content. Electrical conductivity reduced with increasing binder content when the binder content 

exceeded the 1 x PI loading (Figure 9). 
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Figure 9. Electrical conductivity of pristine electrodes with varying binder content (n = 3). 

2.3.2 Electrochemical Performance 
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The electrodes were then cycled in Si-NMC622 full cells to assess their electrochemical 

performance.  Figure 10 shows the mean and standard deviation discharge capacity from full cell 

cycle life testing. Three cells were tested for each anode formulation. The baseline formulation 

showed the highest discharge capacity throughout cycling. Sudden drops or step-like increases in 

discharge capacity were caused by unexpected power outages during cycling. In the case of the 

step-increases in cell capacity, the power outage occurred during discharge for an extended 

period and allowed the cell voltage to relax below the lower cutoff voltage. When power was 

restored, charging resumed from the relaxed voltage, resulting in an artificially high cell capacity.  

In some cases, the voltage relaxed below the lower cutoff cell voltage, e.g., 1.7 V, permanently 

altering the electrode materials, structure, or both.  We hypothesize that the low voltage 

excursion activated lithium ions that are typically too sluggish at the intended cutoff cell voltage, 

however, further study would be required to confirm this.  Due to this, a higher capacity was 

attained in the subsequent charge cycles, resulting in the step-increase in capacity. When 

momentary power outages occurred during discharge or during the rest prior to discharge with 

little to no voltage relaxation in the cell, the discharge cycle was simply cut short, resulting in a 

sudden drop in capacity that is recovered in the subsequent cycle.  
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Figure 10. (a) Discharge capacity per gram of silicon and (b) coulombic efficiencies for electrodes with varying 
binder content, cycled at C/5 (n = 3).  A close-up of the coulombic efficiencies for the first ten cycles is provided in 
the bottom right plot. 
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Figure 11 shows three key performance metrics from the cycling test: initial coulombic 

efficiency (ICE), initial discharge capacity (after formation), and number of cycles to 80% 

capacity retention (calculated from the 1st cycle after formation). ICE and initial discharge 

capacity significantly decreased with high binder content, while capacity retention improved with 

increasing binder content.  
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Figure 11. Initial coulombic efficiency (left), initial discharge capacity after formation (middle), and number of 
cycles to 80% capacity retention (right) for cells with varying binder content. 

 
Charge voltage profiles were collected for each electrode formulation at the 1st formation 

cycle, 1st cycle after formation, cycle 100, and cycle 200 (Figure 12). Charging overpotentials 

increase with cycle number for each formulation. After formation, the 1 x PI formulation has the 

lowest overall charging overpotential, followed by 1/3 x PI and then 3 x PI. Later in cycling, the 

charging overpotentials for the 1/3 x PI formulation become greater than the 3 x PI formulation, 

while the 1 x PI formulation maintains the lowest overpotentials.  
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Figure 12. Charge voltage profiles for electrodes with varying binder content: (a) 1st formation cycle, (b) 1st cycle 
after formation, (c) 100th cycle, and (d) 200th cycle. 

After formation and cycling, several changes in electrode morphology are observed in 

SEM images of the electrode cross-sections (Figure 4). Some degree of electrode cracking is 

observed in all three cycled electrodes. After formation, we also observe a thin layer surrounding 

the silicon particles and filling in the electrode pores, which we deduce to be SEI. The thickness 

of the SEI after formation decreases with increasing binder content. With cycling, both the 

thickness of the SEI and the electrode increase; less thickness increase is observed with increasing 

binder content. 

Full cell rate tests were also conducted. At all rates after formation, the 1 x PI formulation 

showed the highest charge capacity, followed by 1/3 x PI, then 3 x PI (Figure 13). 
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Figure 13. (a) Constant current charge capacity vs. cycle during rate testing, with charge rates listed across the top of 
the chart and (b) semi-log plot of charge capacity vs. C-rate (n = 3). 

2.3.3 Post-Mortem Analysis 

XRD was conducted on pristine and cycled electrodes to measure silicon utilization 

during cycling. Typical XRD spectra are provided in Figure 14. 
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Figure 14. Typical XRD spectra on pristine and cycled electrodes with varying binder contents. 

 As the silicon is lithiated and amorphized, the silicon XRD peak decreases in intensity.123 

We used the Cu(200) peak intensity as an internal reference, as the current collector remains 

unchanged during cycling.  As a measure of silicon amorphization after cycling, we used the 

following equation: 

% 𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝑐𝑐𝑟𝑟𝐴𝐴ℎ𝑆𝑆𝑖𝑖𝑡𝑡𝑡𝑡𝑆𝑆𝑐𝑐𝑡𝑡 =  
�
𝐼𝐼𝑆𝑆𝑆𝑆(311),𝑝𝑝𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒
𝐼𝐼𝐶𝐶𝐶𝐶(200),𝑝𝑝𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒

−
𝐼𝐼𝑆𝑆𝑆𝑆(311),𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐼𝐼𝐶𝐶𝐶𝐶(200),𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

�

𝐼𝐼𝑆𝑆𝑆𝑆(311),𝑝𝑝𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒
𝐼𝐼𝐶𝐶𝐶𝐶(200),𝑝𝑝𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒

 

eq. 3 

The Si(311) peak was chosen because it exhibited a strong signal and did not overlap with 

peaks from other electrode components. Similar results were obtained when the Si(111) peak was 

used. Additionally, in pristine electrodes, the Si/Cu peak intensity ratios were not affected by 

varying the binder content.  

 

In the first formation cycle, formulations from 2/3 to 4/3 x PI exhibited relatively high 

silicon utilization, while the higher and lower binder content electrodes exhibited lower silicon 

utilization. At binder contents above 2/3 x PI, higher silicon utilization correlated with higher 

initial discharge capacity. However, the 1/3 x PI formulation showed relatively low silicon 
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utilization, despite having a high discharge capacity (Figure 15).  After 50 cycles, the % silicon 

amorphization increased for all formulations, despite decaying discharge capacity (Figure 15).  

Greater increases in silicon amorphization were observed in the 1/3 and 3 x PI formulations than 

in the 1 x PI formulation between formation and 50 cycles. 

 
Figure 15. (a) Discharge capacity and (b) silicon amorphization after the 1st formation cycle and after 50 cycles for 
electrodes with varying binder content. (n ≥ 2) 

To estimate the degree of lithiation in the amorphized silicon, we divide the measured 

discharge capacity, which is normalized by the weight of all available silicon in the electrode, by 

the percent silicon amorphization, measured from XRD: 

𝑄𝑄𝑆𝑆𝑆𝑆,𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑝𝑝ℎ𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒 =
𝑄𝑄𝑆𝑆𝑆𝑆,𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒

% 𝑆𝑆𝑆𝑆 𝑡𝑡𝐴𝐴𝑐𝑐𝑟𝑟𝐴𝐴ℎ𝑆𝑆𝑖𝑖𝑡𝑡𝑡𝑡𝑆𝑆𝑐𝑐𝑡𝑡
 

eq. 4 

We note that this calculation does not account for any potential capacity contributions 

from the polyimide binder53,124 or GNP particles125, which may explain the estimated gravimetric 

capacities in excess of the theoretical capacity of silicon7,15,126.  Despite these unaccounted capacity 

contributions, we believe this calculation still reveals how the binder content affects the degree of 

lithiation in the amorphized silicon, given that the binder and GNP comprise a smaller fraction 
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of the electrode.  Figure 16 shows the calculated degree of lithiation in the amorphized silicon in 

electrodes with varying binder content. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

2000

3000

4000

5000

6000

7000

C
ap

ac
ity

, A
m

or
ph

iz
ed

 S
ili

co
n 

(m
A

h 
g-1

Si
,a

)

Relative Binder Content
 

Figure 16. Calculated capacity of the amorphized silicon after formation in electrodes with varying binder contents.  
Error bars represent the propagated error from XRD and discharge capacity measurements. 

We also used Peakforce Tunneling AFM (PFTUNA) to map the local electronic 

conductivity on electrode cross-sections after extended cycling.  Figure 17 shows the pull-off 

adhesion maps (left column) and the PFTUNA maps (right column) with the current collector 

oriented vertically along the left side of the image. The adhesion maps correspond well to SEM 

images and allow us to identify what is being imaged, as topography maps of the ion-milled 

cross-sections only show a monolithic surface. A comparison between SEM and AFM imaging is 

shown in Figure 18. By comparing the adhesion map and the SEM images, the long plate-like 

features are identified as the GNP conductive additive and the faceted blocks are silicon particles. 

Binder, pores, and SEI dominate the regions in between the electrode particles. In the 

conductivity map, larger currents indicate a greater electrical connectivity with the current 

collector, as the voltage is applied between the current collector and the AFM tip. 
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Figure 17. The left column contains AFM pull-off adhesion maps and right column contains PFTUNA maps of 
cycled electrodes: (top) 1 x PI electrode after 100 cycles, (middle) 3 x PI electrode after 50 cycles, and (bottom) 1/3 x 
PI electrode after 50 cycles. 

 
Figure 18. Comparison between SEM and AFM imaging on a cross-section of a 1x PI electrode after 100 cycles. Top 
row: SEM of imaged area on electrode cross-section. Bottom row: (left) AFM topography map (middle) pull-off 
adhesion map and (right) PFTUNA map. 
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2.4 Discussion 

2.4.1 Initial Lithiation 

In the first formation cycle, the 1 x PI formulation exhibits the highest discharge capacity 

(Figure 15a), lowest charging overpotentials (Figure 12a), and highest silicon amorphization 

(Figure 15b). Comparatively, the 1/3 x PI formulation had a similar discharge capacity, a slightly 

elevated charge voltage profile, but only half the silicon amorphization. We attribute the 

similarities between the voltage profiles to similar levels of total porosity and electrical 

conductivity in both electrodes in the pristine state (Figure 5 and Figure 9). The low rate of 

silicon amorphization indicates that the utilized silicon is charged to approximately twice the 

lithium concentration (Fig. S5). We believe this contributes to the elevated charging 

overpotentials observed in the low binder electrodes, compared to the 1 x PI electrodes. Although 

the high porosity in the low binder formulation should allow for good electrolyte and lithium-ion 

access to the silicon particles, we hypothesize that the particles are only loosely electrically 

connected, so that only a small fraction of particles remain accessible to the electrons throughout 

lithiation and concomitant particle expansion, resulting in a high degree of lithiation in these 

particles. 

On the other hand, the 3 x PI formulation comparatively exhibited the lowest discharge 

capacity, highest charging overpotentials, and lowest rate of silicon amorphization during initial 

charging.  The high charging overpotentials indicate higher internal resistances, which can be 

traced back to the low electrode porosity and electrical conductivity measured in the pristine 

electrodes (Figure 5 and Figure 9). The high internal resistances also suggest a lack of particle 

accessibility to electrons and lithium-ions, due to excess binder.  Analysis of our XRD data 

suggests that the amorphized portion of the silicon in the high binder formulations was lithiated 

to a greater degree at formation (Figure 16).  We believe the lack of particle accessibility made it 

kinetically favorable to lithiate the accessible particles to a greater degree, leading to the low rate 

of silicon amorphization.  The high binder formulation also exhibited a significantly lower ICE 
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than the other two formulations (Figure 11). We propose that this is caused by the large 

overpotentials driving a greater degree of SEI formation, as Michan et al. have reported that SEI 

formation is exacerbated by lower potentials relative to Li/Li+127. Characterization of the 

differences in SEI composition, structure, properties, and evolution with cycling as a result of 

electrode binder content could be the subject of a future study. 

2.4.2 Cycling and Capacity Retention 

The cycle life testing shows that capacity retention significantly improves with increasing 

binder content (Figure 11). 

The low binder electrodes exhibited the fastest capacity fade, reaching 80% capacity 

retention at 53 cycles, on average. We believe the root cause of the capacity fade is insufficient 

binder content and lack of mechanical integrity. In other studies, altering binder chemistry to 

improve electrode mechanical integrity has been correlated to improved cycling stability in 

silicon composite electrodes.128–130 We find a similar effect when binder content is altered. Our 

mechanical testing showed that lack of binder content significantly hampered electrode adhesion 

and cohesion (Figure 7). As the low binder content electrode is cycled, the lack of mechanical 

integrity causes silicon particles to disconnect from the functioning electrode matrix. These 

morphological changes also expose additional silicon surface to the electrolyte, causing SEI 

growth and irreversible electrode thickness increase, which are both observed to be most severe 

in the low binder formulation in our SEM imaging (Figure 4). By the 100th cycle, the charging 

overpotential of the low binder electrode surpasses both the 1 x and 3 x PI electrodes throughout 

the entire charging cycle (Figure 12), consistent with increased overall resistances due to SEI 

growth and disconnected particles.   

 
On the other hand, capacity retention significantly improved when increasing the binder 

content from 1 x to 3 x (169 to 213 cycles to 80% capacity retention). We believe this to be for 

two reasons: increasing binder content improves the electrode’s ability to maintain mechanical 
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integrity, while limiting electrode capacity and cathode degradation due to increased internal 

resistances. The scratch and peel tests indicated that electrode cohesion and adhesion improved 

with increasing binder content (Figure 7), which has been correlated to improved capacity 

retention in literature48,122.  In addition, the SEM imaging of cycled electrodes (Figure 4) shows 

that irreversible electrode thickness changes were restricted with increased binder content, 

demonstrating the effect of improved mechanical integrity. Increasing binder content also 

reduced electrode porosity and increased binder layer thickness on the electrode particles. Large 

internal resistances from the decreased porosity and electrical conductivity in the high binder 

electrode increase charging overpotentials and limit the degree of lithiation in the electrode, 

which in turn limits particle expansion and SEI growth. Anode overpotentials directly affect the 

voltages experienced on the cathode side. In full cell cycling, only the cell voltage (Ecell = Ecathode - 

Eanode) is controlled. If overpotentials on the anode side are high, the cell voltage would reach the 

cutoff potential earlier, and cathode voltages will be limited. Limiting cathode voltages will not 

only limit cell capacity, but could also limit cathode degradation in the high binder electrodes131–

135.  High binder content also contributes to increasing the composite electrode stiffness and 

works to suppress irreversible thickness changes. Silicon composite electrodes with lower 

irreversible thickness changes during cycling have been correlated to improved capacity 

retention, which is consistent with our observation60,113,130. 

Our XRD analysis reveals that silicon utilization in our electrodes evolves with cycling 

(Figure 15).  After 50 cycles, the absolute percentage of silicon amorphization decreases with 

increasing binder content. We propose that having a larger amount of fresh silicon available 

improves capacity stability, as we observed in the high binder electrodes. Between the 1st and 50th 

cycles, silicon amorphization increased by 200% in the high and low binder electrodes, but only 

by 75% in the 1 x PI electrodes. The increase in silicon amorphization with cycling suggests that 

morphological changes in these electrodes during cycling enabled fresh silicon to become 

accessible, lithiated, and amorphized. As XRD is a bulk analysis technique, we cannot probe the 

distribution of silicon amorphization in the particles and throughout the electrode. In other 
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words, we cannot discern whether lithium is penetrating more deeply into the crystalline cores of 

partially amorphized silicon particles or if previously unlithiated particles are being accessed.  We 

hypothesize that the level of thickness expansion that the electrodes can sustain before new 

particles become accessible and lithiated varies with binder content and is related to capacity 

retention ability. Future experiments utilizing techniques capable of mapping silicon utilization 

throughout the electrode could help to elucidate the mechanisms which drive changes in silicon 

utilization with cycling.  

AFM-PFTUNA mapping of the local electrical conductivity in cycled electrodes reveals 

the network of electronic connections within the electrodes (Figure 17). The electrical network 

in both the cycled 1 x and 3 x PI electrodes contain both GNP and Si particles, while electrical 

network in the cycled 1/3 x PI electrode only corresponds to the GNP particles. The lack of silicon 

in electrical network indicates that the silicon in the low binder electrodes may not be easily 

accessible to electrons after cycling. When comparing the cycled 1 x and 3 x PI electrodes, the 

voltage signal in the 1 x PI electrode is significantly more pronounced and distributed, indicating 

that the high binder content exacerbates issues with electrical connectedness throughout the 

electrode, consistent with the high charging overpotentials measured in these electrodes (Figure 

12). 

2.4.3 Rate Testing 

In rate testing, the 1 x PI formulation exhibited the optimal rate capability, showing that 

this formulation achieved an optimal balance between having sufficient binder content to 

maintain mechanical integrity and providing porosity and electrical conductivity for effective 

lithium ion and electron transport. With high binder content, large overpotentials result in lower 

charge capacities, especially at high rates. This finding is similar to Landesfiend et al.’s 

observation in graphite anodes that higher binder content results in higher binder layer 

thickness, higher tortuosity, and ultimately, poorer rate capability112. On the other hand, the low 

binder formulation achieves similar discharge capacity to the 1 x PI formulation during early 
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cycling, but quickly fades throughout the test. We believe this is attributed to insufficient binder 

content to maintain electrode integrity throughout cycling, resulting in capacity loss. 

2.5 Conclusions 

The electrochemical performance of silicon anodes is strongly dependent upon the binder 

content in the formulation. We have observed that increasing binder content will decrease 

porosity and increase electrode resistances but improve electrode cohesion and adhesion. As 

such, a trade-off between electrode impedances and mechanical robustness must be balanced to 

achieve optimal electrode performance. With cycle life and rate testing, we observe that changes 

in binder content can influence capacity retention rates and degradation mechanisms. With 

insufficient binder content, several factors contribute to electrode degradation. During early 

cycles, electrodes with low binder content can attain the expected gravimetric capacity due to 

acceptable porosity and electronic impedances. However, electrodes with insufficient binder 

quickly decay due to an inability to maintain mechanical integrity in the electrode. This results in 

loss of connection with some silicon particles which causes deeper lithiation of the accessible 

silicon particles, leading to greater silicon volume expansion, SEI growth, and increases in 

internal impedances. On the other hand, electrodes with high binder content exhibit significantly 

improved capacity retention, but the large internal resistances from a lack of porosity and 

electrical conductivity result in large overpotentials during charging, limiting electrode capacity 

and SEI growth. In applications where capacity retention is the main design objective, our work 

suggests that high binder formulations are advantageous. 

When considering rate performance, we observe that a balance between particle 

accessibility (both electronically and ionically) and mechanical robustness is needed to achieve 

optimal performance. Insufficient binder caused electrode degradation even during rate testing, 

while excess binder impeded access to silicon particles and resulted in lower charge capacities 

and rate sensitivity.  Error! Reference source not found.a illustrates the trade-off between 

several key electrochemical performance metrics and binder content for the silicon electrodes 
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that we have tested.  Error! Reference source not found.b shows the gravimetric energy density 

of the electrodes, on a total electrode weight-basis.  At beginning-of-life, the 10 wt% PI electrode 

exhibits the greatest gravimetric energy density, but with additional cycling, a higher polyimide 

content of 12.2 wt% is beneficial and shows greater stability from the 3rd to 200th cycle.  

 
Figure 19. Electrode capacity (a) (left axis) and capacity retention (right axis) and gravimetric energy density of the 

electrode (b) vs. binder content. 

Our results indicate that binder content in silicon anode formulations can significantly 

impact electrode performance, lithiation/delithiation kinetics, and degradation mechanisms. Our 

study, which used commercially relevant loadings and full-cell integration, provides insight 

towards both optimizing and finding acceptable limits for binder content in electrode 

formulations. 
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Chapter 3 Influence of Conductive Additive Content 

3.1 Introduction 

For successful operation of lithium-ion batteries, both electrical and ionic conductive 

pathways are required136–138.  In electrodes with electrically insulating active materials, such as 

layered metal oxide cathode materials and silicon anodes, conductive additives, typically carbon 

black or other large surface area carbon particles, are added to facilitate electron transport.  In the 

electrode, the conductive particles are situated in between the active material particles, and all 

particles in the electrode are held together by the binder.   

Significant research has been conducted on optimization of electrode morphology 

through formulation on cathode electrodes.  Lithium-ion cathode materials have low gravimetric 

capacities (< 300 mAh g-1), necessitating thick electrodes to maximize volumetric energy 

density139.  But as electrode loadings increase, transport resistances through the thickness of the 

electrode structure also increase, impeding lithiation/delithiation reactions and limiting rate 

capability and cycle life140–142.   

The composition and morphology of the conductive matrix play a significant role in 

shaping not only the electrical pathways, but also the ionic pathways—both of which can 

significantly impact electrode performance, particularly rate performance137,138,143.  The 

morphology of the conductive matrix is affected by processing conditions and mixing order, 

binder chemistry, conductive additive morphology, and formulation138,144–147.  Selecting the 

optimal formulation is critical to achieving optimized electrode performance.  Increasing the 

conductive carbon content in the electrode formulation can increase the rate of ionic resistance 

increase with electrode loading143. Further, a balance between the binder and conductive additive 

content is necessary to optimize active material utilization and enhance rate capability138.   
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For anode electrodes, silicon has great potential to increase energy density and rate 

capability in lithium-ion batteries.  This is primarily due to the high gravimetric energy density of 

silicon, compared to conventional graphite, enabling thinner electrodes and reducing 

resistances148.  As in any electrode, the efficiency of silicon utilization decreases as loading 

increases.  However, Karkar et al. reported that astute selection of the conductive filler 

morphology, e.g., carbon black, graphite platelets, carbon nanofibers, can extend the maximum 

loading capability of silicon electrodes146.  However, their study did not report how the binder 

ratio was controlled as conductive additive content increased, leaving open to question whether 

binder content was a factor in determining their results.  In addition, many publications have 

reported on the beneficial effects of additional conductive additive morphologies, including 

MXene sheets enabling ultra-high electrode loadings92, carbon wrapped silicon149, silicon 

decorated graphite98, and conformal coatings of carbon on silicon150,151.  We acknowledge that 

realization of fast-charge capability152 in silicon-based electrodes likely also requires 

improvement of the lithium-ion diffusion rate into silicon via surface engineering98,153 and 

electrolyte improvements.  However, understanding how formulation affects performance is 

critical, regardless of the electrode and cell architecture.   

The fast-charge potential of silicon has yet to be realized at high mass loadings, as the 

state-of-the-literature currently falls short of the USABC fast-charge targets of 80% charge in 15 

minutes68.  To enable commercially relevant, high-loaded electrodes (> 4.5 mAh cm-2), effective 

guidelines for formulation optimization must be established.   

In our study, we aim to understand the impact of changing the conductive additive 

content in silicon microparticle electrode formulations.  We created electrodes with varying 

silicon-to-carbon ratios, maintaining a constant calculated binder layer thickness across the 

available particle surface area, thereby eliminating the confounding effects of changing binder 

content.  With these electrodes, we tested charge-rate and cycle life performance in Si/NMC622 

coin cells.  We corroborate our interpretation of the electrochemical performance tests with 

porosity measurements, initial thickness measurements, electrical conductivity measurements, 
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and scratch and peel tests to assess mechanical integrity.  We utilized X-ray diffraction (XRD) to 

detect silicon amorphization, thus utilization, and understand how this is affected by the 

conductive additive content. 

3.2 Methods 

3.2.1 Electrode Preparation 

Our NMC622 cathode and silicon anode electrodes with polyimide (PI) binder was 

prepared using the same materials and method as described in the previous chapter.  We used 

thin-flake graphite nanoplatelets  (GNP H5, xGSciences, particle diameter = 5 µm) as the 

conductive additive.  The binder layer thickness for all electrodes was controlled at 6 nm, based 

on a calculation that assumes uniform coverage of all available surfaces in the electrode with 

binder (Appendix A).  The formulations we tested are listed in Table 5.  Silicon loadings were 

maintained at 3-3.3 mg cm-2.   

Table 5: Electrode formulations used in the Conductive Additive Content study 

Name Si 
vol% 

GNP 
vol% 

PI 
vol % 

Si 
wt% 

GNP 
wt% 

PI 
wt% 

Solids Content 
(%) 

Ultra-Low 90.5 2.5 7 93 2.3 4.7 58 
Low 85.2 5 9.8 88.5 5 6.5 52 
Baseline 75.4 10 14.6 80 10 10 43 
High 65.4 14.9 19.6 71 15.3 13.7 42 
Ultra-High 44.8 25 30 61 21 18 38 
 

During slurry preparation, slurry solid content was adjusted for each formulation to 

achieve a coat-able viscosity.  Typically, the ideal viscosity range is 103 to 104 mPa s at a shear rate 

of 10/s154,155.  The solid content for the 2.5, 5, 10, 15, and 25 vol% GNP slurries was 58, 52, 43, 42, 

and 38%, respectively.  As the GNP content increases, the total particle surface area in the slurry 

increases, necessitating additional solvent in the slurry.  The solids content the slurries used in 

this study are also listed in Table 5. 
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  Volume percentages are reported based on solid volume only; it excludes consideration 

of the electrode pore volume.  True volume percent, which includes the pore volume, can be 

obtained by multiplying solid volume percent by (1 minus total porosity percentage). 

3.2.2 Porosity Measurement 

We report the total porosity of our pristine electrodes, calculated from thickness and 

weight measurements of a circular punch of electrode coated on copper current collector.  The 

methods and calculation match that provided in the previous chapter.  

3.2.3 Scanning Electron Microscopy (SEM) 

To prepare cross-sections for scanning electron microscope (SEM) imaging, we milled 

sections with a broad beam ion miller (Hitachi IM4000 Plus).  Cross-sections for imaging were 

milled at 6 kV for 2 hours.  Secondary electron scanning electron microscope images were then 

taken at 2 kV, 20 uA using a Hitachi S-4800 with ± 40° sample rotation during milling. 

3.2.4 Electrical Conductivity 

Electrical conductivity measurements were taken using the potentiostatic electrochemical 

impedance spectroscopy technique (PEIS) on a Biologic VMP-3e.  Pristine electrode samples 

were punched to 12.7 mm diameter and clamped within a CESH-e (Enhanced controlled 

environment sample holder, Biologic) equipped with gold-coated plates of ½” diameter for 

measurement of through-thickness impedances.  The impedance method sweeps from 1 MHz to 

1 Hz with 10 points per decade at 0V vs. open circuit, averaging 3 measures per frequency.  A 

voltage amplitude of 10 mV was used for the 25 and 15 vol% GNP electrodes, while 100 mV was 

used for the 2.5, 5, and 10 vol% electrodes (Figure 20).  
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Figure 20. Bode plot of real impedance during PEIS on electrodes with varying GNP content. 

The voltage amplitude had to be increased to increase the signal output for electrodes 

with lower conductivity.  We confirmed that the measured response was invariant with voltage 

amplitude by testing voltage amplitudes of 10, 25, 50, 75, and 100 on the 10 vol % GNP electrodes 

(Figure 21).  The measured electrode resistance was invariant with the perturbation voltage 

amplitude. 
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Figure 21. Bode plot of real impedance during potentiostatic electrochemical impedance spectroscopy (PEIS) of the 
10 vol% GNP electrodes at various voltage amplitudes.  Note the y-axis scale compared to Figure 20. 

On a Bode plot of the phase angle, we observe that the phase angle returns to zero at low 

frequencies (Figure 22); thus, resistance values were taken as the y-intercept on the Bode plot of 
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the real component of the resistance.  This resistance value was then converted into conductivity 

using the measured electrode area and thickness. 
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Figure 22. Bode plot of phase angle during PEIS on electrodes with varying GNP content. 

3.2.5 Mechanical Testing 

We utilized microscratch and 180° peel testing to assess the electrode cohesion and 

adhesion to the current collector, following the same methods as in the previous chapter.  

Maximum normal loads were 100, 100, 200, 100, 200 mN for the 2.5, 5, 10, 15, and 25 vol% GNP 

samples, respectively.  Scratch loads were adjusted to ensure sufficient scratching of the electrode, 

without reaching the depth of the current collector. 

3.2.6 Electrochemical Testing 

For cycle life and rate testing, full cells were assembled using the silicon anode electrodes 

(15.3 mm diameter), NMC622 cathode (12.7 mm diameter), Celgard 2325 separator, 40 μL of 

electrolyte (1.2 M LiPF6 in dimethyl carbonate:fluoroethylene carbonate 4:1 with 2 wt% of 

vinylene carbonate and 3 wt% of OS3 from Silatronix), a 1.0 mm stainless steel spacer, and a 1.4 

mm spring in a CR2032 coin cell. The capacity ratio of the negative to positive electrodes were 

N/P = 2.00 ± 0.05. Electrochemical tests were conducted on a Maccor cycler. Charge rates were 

calculated based on the cathode electrode capacity. The galvanostatic cycling protocol consisted 
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of two formation cycles (CC charge at C/20, CV charge until C/50, CC discharge at C/20) 

followed by cycling (CC charge at C/3, CV charge until C/20, CC discharge at C/3) between 3.0 

and 4.2 V. A 15-minute rest period was employed after each charge and each discharge. The rate 

testing protocol used the same formation protocol, followed by 5 cycles at C/10, C/5, C/2, 1C, 2C, 

5C, and C/5. Discharges were carried out at C/5 when the charge rate exceeded that rate, to 

ensure that electrodes were sufficiently discharged at each cycle. 

To understand silicon utilization in these electrodes, we ran one fixed capacity formation 

cycle in lithium metal half cells.  The half cells consisted of the silicon anode electrode (15.3 mm 

diameter), lithium metal counter electrode (16 mm diameter, 1 mm thick, MTI Corporation), 

Celgard 2325 separator, 80 µL of electrolyte (1.2 M LiPF6 in dimethyl carbonate:fluoroethylene 

carbonate 4:1 with 2 wt% of vinylene carbonate and 3 wt% of OS3 from Silatronix), a 0.5 mm 

stainless steel spacer, and a 1.4 mm spring in a CR2032 coin cell.  The silicon electrodes were 

lithiated to 1500 mAh gSi
-1 at C/20, then delithiated to 1.5 V vs. Li/Li+ at C/20.  Voltage traces 

were checked for indications of lithium plating (negative voltages) before conducting additional 

post-mortem testing. 

3.2.7 X-ray diffraction (XRD) 

XRD was conducted using the same method as described in the previous chapter. 

3.3 Results 

3.3.1 Electrode Structure 

The ionic resistance through electrodes is strongly influenced by two factors: electrode 

thickness and morphology140–142.  Figure 23 shows the relationship between electrode thickness 

and total porosity with GNP content.  The electrode thickness increases with GNP content since 

the silicon loading is held constant in all the electrodes.  All electrodes produced for this study 

showed similar porosity, except for the 25 vol% GNP electrodes, which had much lower porosity.   



 47 

 
Figure 23. Total porosity (a) and thickness (b) of electrodes with varying conductive additive content. 

SEM imaging of the pristine electrodes revealed that at high GNP content, the plate-like 

shape of the conductive additive particles causes them to preferentially stack together parallel to 

the current collector (Figure 24).   

 
Figure 24. Secondary electron SEM images of cross-sections of pristine electrodes with 10 (a) and 25 (b) vol% GNP, 
showing more preferential stacking of GNP in the latter than the former electrode. 

As the particles stack together, it effectively reduces the particle surface area, increasing 

the actual binder layer thickness on the particles, thus reducing porosity and restricting ionic 

conductivity. 

 

 

a b
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3.3.2 Pristine Electrode Properties 

Having sufficient electrical conductivity is another functional requirement in battery 

electrodes.  Figure 25 shows the relationship between electrical conductivity and GNP content.  

As expected, the conductivity increases with conductive additive content. 
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Figure 25. Electrode conductivity of electrodes with various conductive additive content. 

The ability to maintain mechanical integrity is another key characteristic in electrodes, 

particularly with silicon – a high volume expansion material.  To understand the impact of how 

changing the silicon to carbon ratio affects the mechanical behavior of the electrodes, we 

conducted microscratch and 180° peel testing (Figure 27).  Although the fracture toughness (Kc) 

measured in scratch testing significantly varied from sample to sample, we did not observe a clear 

trend in Kc with conductive additive content.  Photographs of the peel test specimens show more 

residual electrode on the peeled surface with increasing GNP content (Figure 26).  This indicates 

that the failure mode gradually changes from adhesive to cohesive with increasing GNP content. 
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Figure 26. Photographs of peel test surfaces in electrodes with varying GNP content.  Peeled area is denoted by the 

curly bracket. 

 
Figure 27. Peel force (a) and fracture toughness from microscratch (b) tests. 

In the peel test, the peel force generally increased with conductive additive content.  

However, the 15 v% GNP electrode exhibited uncharacteristically lower peel force than the other 

samples.  A replicate electrode was tested, which confirmed this result (Figure 28). 

a b
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Figure 28. Peel force comparison between two electrodes of the same formulation. 

3.3.3 Electrochemical Performance 

We then conducted cycle life and charge rate testing to assess the impact of changing the 

conductive additive content.  Figure 29 shows discharge capacity in the C/3 cycle life test of 

electrodes with varying GNP content.  A plot of the coulombic efficiencies is shown in Figure 30.   

 
Figure 29. Discharge capacities in C/3 cycle life testing for electrodes with ≤ 10 vol% GNP (a) and ≥ 10 vol% GNP 
(b). 

a b
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Figure 30. Coulombic efficiency during C/3 cycle life testing for the first 10 cycles (a) and cycles 1 to 200 (b) for 
electrodes of varying GNP content. 

Figure 31 shows the initial coulombic efficiency (ICE), initial discharge capacity, and 

number of cycles to 80% capacity retention. 

 
Figure 31. Initial coulombic efficiency (a), initial discharge capacity (b), and number of cycles to 80% capacity 
retention (c) in the C/3 cycle life test of electrodes with varying conductive additive content. 

Figure 32 shows the rate performance of the cells on a semi-log plot.  The 15 volume % 

GNP electrode shows the best charge capacity of all the electrodes at every rate tested, while the 

25 volume % GNP electrode was the worst performer at all charge rates.   

a b
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Figure 32. Constant current charge capacity in fast charge testing for electrodes with ≤ 10 vol% GNP (a) and ≥ 10 
vol% GNP (b). 

To better understand the charging dynamics in each electrode type, we have plotted the 

first 2C charge voltage profile for the electrodes in Figure 33.  The 2.5 and 5 vol% GNP 

electrodes showed a reversal in overpotentials during charging, indicating insufficient electrical 

conductivity at fast charging speeds. 
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Figure 33. Voltage profiles of the first 2C charge for one cell of each level of GNP content. 

3.3.4 Post-Mortem Analysis of Silicon Utilization 

To understand how the conductive additive content affects silicon utilization, we lithiated 

the silicon electrodes in half cells to 1500 mAh gSi
-1 and delithiated to 1.5 V.  We checked for 

lithium plating by looking for negative voltages during half cell discharge.  We observed very 

a b
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minimal lithium plating in the 2.5 vol% GNP electrodes (<0.01 mAh cm-2).  None of the other 

electrodes exhibited signs of lithium plating.  Minimum voltages during lithiation and plated 

capacities are listed in Table 6 below.   

Table 6: Minimum voltages and plated capacities during half-cell lithiation to 1500 mAh gSi-1 

Volume % GNP 
Minimum Voltage during Lithiation 

(mV) 
Lithium Plating Capacity 

(mAh cm-2) 
2.5 -0.154 0.002 
2.5 -13.827 0.005 
2.5 -16.497 0.005 
5 34.965 0 
5 38.566 0 
5 54.101 0 

10 61.142 0 
10 48.166 0 
10 56.216 0 
15 26.297 0 
15 49.086 0 
15 55.675 0 
25 29.879 0 
25 20.819 0 
25 21.587 0 

 

The ICE of the half cells mirrored the trend observed in full cells (Figure 34), i.e., the ICE 

increased with GNP content until 25 vol% GNP, where the ICE was significantly lower.   
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Figure 34. Initial coulombic efficiencies of half cells lithiated to 1500 mAh gSi-1 in electrodes with varying GNP 
content. 

Afterwards, we disassembled the cells for XRD to determine the amount of silicon that 

became amorphized during lithiation, using the same method as in our previous publication156.  

We observed that the silicon amorphization decreased with GNP content (Figure 35a).  As an 

indication of the degree of lithiation in the electrodes, we monitor the cell voltage after the 15-

minute open circuit rest after lithiation (Figure 35b). 

 
Figure 35. Percentage silicon amorphization after lithiating to 1500 mAh gSi

-1 (a) and cell voltage after open circuit 
rest after lithiation (b) in electrodes with varying GNP content.  Error bars represent standard deviation. 

3.4 Discussion 

Comparison of the pristine electrode properties with the electrodes’ performance in cycle 

life and fast charge tests help to build understanding of the relationship between electrode 
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structure, properties, and performance.  This knowledge can ultimately inform product 

specifications and guide future development.   

3.4.1 Mechanical Behavior 

Performance in the peel and scratch tests are indicators of an electrode’s ability to 

maintain connections to the current collector and between particles. Although we only ran 

mechanical tests on pristine electrodes, the results can still be indicative of the electrode’s 

performance with cycling.   

First, we note that the range of peel force and fracture toughness measured in this set of 

electrodes is much smaller than the range we measured in our previous work when binder 

content was varied156 (Table 7).  This indicates that binder content has a stronger influence on 

mechanical integrity than the Si/C ratio.  In addition, we did not observe a monotonic 

relationship between GNP content and either peel force or fracture toughness (Figure 27).   

Table 7: Comparison of fracture toughness and peel force ranges measured in this and previous work 

 Range of Fracture Toughness 
(MPa m-1/2) 

Range of Peel Force 
(N m-1) 

Chapter 2 0.1 – 1.1 50-400 
Chapter 3 0.15 – 0.35 60-170 

 

Our microscratch test shows significant differences in fracture toughness from electrode 

to electrode, but no monotonic trend with GNP content.  Although the fracture toughness 

between the specific materials we tested is not reported, a literature search confirms that the 

fracture toughness between polyimide/silicon and polyimide/graphite are in a similar range: 

103±12 J m-2 for silicon-polyimide157 and 145-180 J m-2 for graphite fiber-polyimide158.     

Our peel results nearly show a monotonic increase with GNP content, except for the 15 

vol% GNP electrodes.  The plate-shaped GNP tends to preferentially orient parallel to the current 

collector.  With increasing GNP content, a larger fraction of the particles become oriented in this 

way, increasing the contact area between the electrode and the current collector increases.  Since 
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the binder coats the outer surface of the particles, greater contact between the particles and 

current collector leads to increased peel force. As for the 15 vol% GNP electrode, one possible 

explanation for its low peel force is the increase in electrode thickness.  In the literature, thin film 

peel force has shown dependence on substrate thickness, since some of the peel force goes into 

stretching the coating before peeling159.  With a thicker coating, more force will be required to 

stretch the electrode coating before peeling at the interface between the copper and electrode 

begin.  It is unclear why this effect is less pronounced for the other electrodes, e.g., from 5 to 10 

vol% GNP.  Additional tests could help to understand this observation, i.e., measurement of 

coating modulus, quantitative comparison of GNP particle orientations. 

3.4.2 Fast-Charge Capability 

Comparing the rate performance (Figure 32) with the porosity, thickness, and 

conductivity (Figure 23 and Figure 25) of the pristine electrodes, we glean several learnings 

regarding the performance trade-offs from electrode morphology. 

Improvements in electrical conductivity correlate with improvements in rate 

performance only at low conductivity levels.  With low GNP content, we observe significant 

improvements in the rate performance between the 2.5 and 5 vol% electrodes (Figure 32a).  

These electrodes had similar initial porosity and thickness, but the electrical conductivity 

improved by three orders of magnitude with more GNP content (Figure 25).  Improvements in 

electrical conductivity in these electrodes translated to significant improvements in charge rate 

capability.   

On the other hand, the 5 and 10 vol% GNP electrodes exhibit similar rate capability 

(Figure 32a), despite exhibiting three orders of magnitude difference in electrical conductivity 

(Figure 25).  This indicates that there is a threshold level of workable electrode conductivity, 

above which electrodes can achieve acceptable rate capability.  In line with the literature, 

improvements in electrical conductivity do not necessarily lead to improvements in fast-charge 

performance136.   
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Above this threshold, other parameters, i.e., electrode porosity and thickness, become 

more important in determining fast-charge performance.  Increases in electrode thickness 

increase the ionic path length and ionic resistances to lithium-ion transport, hampering the 

electrodes’ rate capability141.  Decreasing connected porosity will further increase the ionic path 

length by increasing the ionic path tortuosity through the electrode.   

We compare the relative influence electrode thickness and porosity on the ionic 

resistances through the electrode.  For ionic conduction, previous publications describe that ionic 

resistance is linearly related to thickness and tortuosity and inversely related to porosity (eq. 5)148 

𝑅𝑅𝑆𝑆𝑒𝑒𝑖𝑖 =  
𝜏𝜏𝑡𝑡
𝜀𝜀𝐴𝐴𝜀𝜀

 

eq. 5 

, where τ is the electrode tortuosity, t is the electrode thickness, ε is the electrode porosity, A is 

electrode area, and κ is the electrolyte conductivity. 

However, X-ray tomographic studies indicate that tortuosity is related to porosity by 

approximately a power-law relationship160–162, with increasing porosity resulting in decreasing 

tortuosity.  In addition, the anisotropic particle shape of the GNP more negatively influences 

through-plane tortuosity162.  Therefore, the influence of electrode porosity on ionic resistances is 

larger than the influence of thickness.  We observe this clearly when we compare the change in 

performance between the 10 and 15 vol% electrodes vs. the 15 and 25 vol% electrodes.  Between 

10 and 15 vol%, there was a 22% thickness increase and similar porosity, yet rate performance 

improved by 28% at 2C.  In comparison, the porosity reduction of 30% with just a 7% thickness 

increase resulted in a 50% reduction in constant current charge capacity at 2C between the 15 

and 25 vol% GNP electrodes. 

By examining the voltage profiles during fast charging, we further observe the effects of 

the pristine electrode properties on charging (Figure 33).  The overpotentials at the start of 

charging decrease as electrical conductivity increases, while the maximum constant-current 

charge capacity is limited by lithium-ion transport resistances.  Similar observations have been 
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made in the literature141.  In the 2.5 and 5 vol% GNP electrodes, we observe an initial drop in cell 

potential during charging, which we believe is an indication of very high overpotentials on the 

anode.  This indicates the minimum electrical conductivity threshold for good performance at 2C 

is somewhere between 10-6 and 10-3 S m-1, the conductivities for the 5 and 10 vol% GNP 

electrodes.  When we consider the electrode porosity, the true vol% of GNP in these electrodes 

would be 2.2 and 4.8 true vol%, respectively.  These volume fractions are within the range of 

experimentally determined percolation limits of GNP polymer composites in published 

literature163 and within the range of percolation limits predicted by the Li-Kim model164. The 

diameter to thickness ratio (D/t) for the conductive additive particles used in this work is 5 µm / 

15 nm = 333.  

The 15 vol% GNP electrodes exhibited the lowest overpotentials during initial charging.  

It also exhibited the highest CC charge capacity at all rates, indicating that it had the least ionic 

transport resistances.  Despite exhibiting low overpotentials during initial charging, the 25 vol% 

GNP electrodes had the lowest constant current charge capacity at 2C, due to the ionic transport 

resistances from low porosity and high electrode thickness. 

3.4.3 Cycle Life Performance 

We compare pristine electrode structure and properties with performance during long-

term cycling.  During initial cycling, we observe trends similar to those observed in rate testing.  

However, long-term cycling stability showed no correlation to mechanical behavior or other 

electrode properties.  

The ICE increased with conductive additive content from 2.5 to 15 vol% GNP (Figure 

31a), similar to previous reports in literature138,146.  Although increasing the conductive additive 

content increases the available surface area for SEI formation, this is not the main effect on ICE.  

Rather, increasing the conductive additive content reduces the probability of particle 

disconnections during delithiation, which improves the rate of lithium recovery and coulombic 

efficiency.  At 25 vol% GNP, the ICE dropped significantly.  We attribute this to the low porosity 
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and poor ion accessibility, which increases the likelihood of trapped lithium.  The initial 

discharge capacities followed the same trends as were observed in rate testing (Figure 31b). 

The initial discharge capacity—the discharge capacity in the first C/3 cycle – followed the 

same trend observed in rate testing (Figure 31b).  Interestingly, during cycle life testing, the 5 

vol% GNP electrodes showed lower capacity than in the rate testing.  We do not have an 

explanation for the observed differences but point to the larger capacity variation at each C-rate 

in 5 vol% GNP electrodes than in the 10 vol% electrodes during rate testing as a possible 

explanation. 

To evaluate cycling stability, we track the number of cycles it takes to reach 80% of the 

initial discharge capacity (Figure 31c).  To our surprise, this statistic showed no sensitivity to the 

GNP content, with none of the electrodes exhibiting significantly different capacity retention.  

Previous studies have proposed that improving the electrode mechanical integrity improves 

cycling stability, whether through binder selection or conductive filler selection58,113,114,146,156.  As 

we did not observe large changes in mechanical behavior with changing GNP content, it is 

unsurprising that the cycling stability of our electrodes also did not exhibit significant 

differences.  This suggests other factors, such as binder content and electrolyte selection, have 

greater influence on cycling stability.  

We calculate the gravimetric energy density of the electrodes, on a total electrode weight 

basis to evaluate the efficacy of GNP content in terms of gravimetric energy density enhancement 

in Figure 36.  The 5 vol% GNP electrodes show the most stability in gravimetric energy density 

with cycling.  This electrode also exhibited comparable rate performance as the 10 and 15 vol% 

electrodes (Figure 33), suggesting that 5 vol% may be near the optimal GNP content for this set 

of electrode materials. 
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Figure 36. Total gravimetric energy density of electrodes with varying GNP content after 3 and 200 cycles. 

3.4.4 Silicon Utilization 

To further elucidate the impact of changing GNP content on electrode performance, we 

used XRD to probe silicon utilization.  All electrodes were charged to the same capacity limit, i.e., 

1500 mAh gSi
-1, then delithiated to 1.5 V before post-mortem XRD.  We hypothesized that 

increasing GNP content would improve particle-to-particle electrical connections, keeping more 

silicon particles connected and participating in lithiation/delithiation.   Interestingly, silicon 

amorphization decreased with increasing GNP content (Figure 35). 

To contextualize this result, we compare the kinetic barriers to silicon amorphization in a 

composite electrode.  Lithium-ion diffusivity through electrolyte is on the order of 10-6 cm2 s-1 

165,166, while diffusivity through silicon is on the order of 10-12 to 10-13 cm2 s-1 at room 

temperature167–170.  As expected, diffusion through the solid silicon is much slower than diffusion 

through the liquid electrolyte.  However, the current of lithium ions at the silicon particle surface 

is constricted by the porosity and tortuosity of composite electrodes171,172.  A lower porosity and 

higher tortuosity would reduce the contact area for lithium-ion flux to the silicon particle surface, 

increasing the lateral diffusion distances required to fully lithiate the silicon.  Therefore, we 

expect reducing particle accessibility to strongly limit silicon amorphization. 

Our measurement of silicon amorphization using XRD supports that silicon particle 

accessibility controls silicon amorphization.  The electrodes with lower GNP content were 
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thinner and more porous, resulting in better silicon accessibility and more amorphization 

measured in XRD (Figure 35a).  As the GNP content increases, silicon particle accessibility 

decreases along with silicon amorphization.  The voltages after the open-circuit rest period after 

lithiation reflect the average silicon lithiation in the electrodes (Figure 35b).  Lower voltages 

indicate higher degrees of lithiation173,174.  We note that the minimum voltage during lithiation is 

not a good indicator of the degree of lithiation, as that voltage includes charging overpotentials, 

which are electrode formulation dependent.  The electrodes with lower GNP content achieved a 

lower voltage after lithiation than the electrodes with higher GNP content.  This again indicates 

that improving particle accessibility increases the average degree of lithiation. 

The trend in ICE reveals the conductive additive’s role during delithiation.  The ICE of 

the half-cell electrodes (Figure 34) followed the same trend as was observed in our full cells 

(Figure 31a). During delithiation, the silicon particles decrease in volume, causing the electrode 

to crack and thickness to shrink114,175.  These massive morphological changes in the electrode can 

increase the probability of silicon particle disconnection, resulting in trapped lithium176,177.  Our 

results show that having higher GNP content decreases the chance of particle disconnection 

during delithiation, thereby increasing the coulombic efficiency.  This trend holds until the 

conductive additive content becomes excessively high, as in the 25 vol% GNP electrodes.  In this 

case, the increase in ionic path length due to lack of porosity results in trapped lithium during 

discharge and a very low coulombic efficiency.  Our observations indicate that maintaining 

particle connectivity and ion conduction pathways are the main drivers of efficient delithiation.   

3.5 Conclusions 

We have studied how varying the conductive additive content affects electrochemical 

performance in silicon microparticle electrodes for lithium-ion batteries.   

The proportion of the GNP conductive additive in the electrode formulation affects both 

the electrical and ionic conductive pathways throughout the electrode.  As the GNP content 

increases, electrical conductivity also increases, which is beneficial to electrode function.  
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However, increasing the inactive material content necessitates an increase in electrode thickness 

to maintain the same active material loading.  This increases the ionic path length and decreases 

capacity and rate performance.  Additionally, at high GNP loadings, the plate-like shape of the 

conductive particles tends to stack together and preferentially orient parallel to the current 

collector.  The stacking effectively reduces the particle surface area, thereby reducing porosity by 

closing pores and increasing the binder layer thickness.  The loss of porosity inhibits particle 

accessibility and negatively affects the electrode capacity and rate performance. 

180° peel and microscratch tests of the pristine electrodes reveal that the silicon-to-

carbon ratio does not correlate to changes in the electrodes’ ability to maintain mechanical 

integrity.  Other factors, such as binder layer thickness, binder chemistry, and particle surface 

chemistry play a larger role in determining the mechanical properties of the electrode.  Cycling 

stability is often related to the electrodes’ ability to maintain their mechanical integrity.  As the 

conductive additive content did not largely affect this property, we accordingly did not observe 

any correlation between long term cycling stability and conductive additive content.    

Diffraction techniques helped us to further understand the role of the conductive additive 

in silicon utilization.  Post-mortem XRD on silicon electrodes lithiated to a fixed capacity limit 

reveal that as GNP content increases and silicon particle accessibility decreases, silicon utilization 

also decreases.  However, during delithiation, increased GNP content reduces the likelihood of 

disconnected silicon particles and trapped lithium, increasing the coulombic efficiency with 

conductive additive content. 

• Our study indicates that there is a threshold of electrode electrical conductivity, above 

which acceptable electrode performance is attained.  Our work suggests that this 

threshold is between 10-6 and 10-3 S m-1. 

• We found no clear correlation between GNP content and electrode mechanical 

properties.  We also found no clear correlation between GNP content and capacity 

retention in long-term cycling tests.  
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• Silicon particle accessibility is strongly influenced by GNP content.   

o Increasing GNP content increases electrode thickness, which increases the ionic 

path length and tortuosity, resulting in increased overpotentials during lithiation. 

o Excessive increases in GNP content result in preferential stacking of the platelet-

shaped conductive additive, which collapses porosity and severely limits silicon 

accessibility. 

• Our XRD experiments revealed that silicon particle accessibility governs silicon 

amorphization and utilization in the electrodes. 

o Low GNP electrodes (high porosity, low thickness) exhibited the highest rates of 

silicon amorphization in our fixed capacity charging tests. 

o High GNP electrodes (low porosity, high thickness) exhibited the lowest rates of 

silicon amorphization. 

• Increased GNP content also resulted in higher coulombic efficiencies, as the GNP 

network decreased the probability of disconnecting silicon particles during de-lithiation. 

• Combined consideration of total gravimetric energy density, rate capability, cycling 

stability, and fast-charge overpotentials indicate that the ideal GNP content for this set of 

electrode materials is between 5 and 10 vol% GNP. 

Our study has helped elucidate the effects of varying the conductive additive content in 

silicon microparticle electrodes.  However, formulation development for commercial electrodes 

is often far more complex, involving many different particle morphologies, necessitating 

consideration of industrially relevant manufacturing processes, and requiring robustness against 

a wide range of operating conditions.  The techniques and insights presented in this work can 

serve as a foundation to further develop our understanding of formulation effects on the 

performance of silicon electrodes. 
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Chapter 4 Magnetic Force Dilatometry of Silicon-NMC622 Lithium-Ion Coin Cells – the 

Effects of Binder, Capacity Ratio, and Electrolyte Selection 

4.1 Introduction 

Macroscopic expansion and contraction in lithium-ion battery electrodes is a function of 

the atomistic processes taking place during operation.  Reversible volume changes correspond to 

reversible processes such as lattice expansion during lithium-ion intercalation or insertion178,179, 

structural changes during reversible alloying/dealloying174, and solid-electrolyte interphase (SEI) 

“breathing”180,181.  Meanwhile, irreversible processes, such as amorphization of alloying 

anodes173,174,182, SEI formation and growth177,183–186, phase activation, degradation and defect 

evolution in layered metal oxide cathode materials187–189, and trapped lithium in disconnected 

particles or “dead” lithium174,177,190, contribute to irreversible electrode thickness changes.  These 

microscopic volume changes become macroscopic in large format cells, as electrode layers are 

stacked together, and must be accounted for in cell, module, and pack designs191.  Total cell 

expansion – the sum of both reversible and irreversible expansions from both anode and cathode 

– is a critical metric in applications with limited packaging space7,192–195, and should be considered 

in the calculation of the true system volumetric energy density196 (definitions in Appendix B).  

Accurate measurement of this expansion can provide key insights for electrode design, system 

design, and state-of-health sensing197,198. 

Adoption of silicon-based lithium-ion anodes could triple the volumetric energy density 

over incumbent graphite-anodes.7  When paired with high voltage-capable cathode materials, 

recent cost analyses9,10,199,200 project that battery costs could reach <$125 kWh-1.  Nickel-rich 

layered cathode materials of LiNixMnyCozO2 (NMC, x + y + z = 10) can deliver relatively high 

gravimetric capacities at high voltages.  In terms of expansion, these materials only exhibit very 
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minute material volume changes during delithiation/lithiation (~1-2%)91.  However, the 

lithiation of silicon proceeds via alloying with a large, concomitant volume expansion201.  

Although lithiated silicon exhibits an appreciable degree of tensile plasticity202, it undergoes 

brittle fracture at low strains (< 16%) regardless of the degree of lithiation203.  Active material 

fracture disconnects it from the electrical network within the electrode and results in more 

surface area for SEI growth, both contributing to capacity fade and irreversible electrode 

expansion127,204.  The expansion behavior of silicon lithiation is well-studied, and many active 

material-centric expansion-limiting strategies have been explored in literature: including 

hierarchical/nano-structuring95,204,205, composite engineering95, and liquid-metal encapsulation206.  

However, the influence of peripheral cell design parameters on cell expansion is less-thoroughly 

investigated.  Examples of these parameters include electrode formulation, electrolyte selection, 

and capacity balancing. 

Formulation can strongly influence the mechanical properties, morphology, and 

electrochemical performance of composite electrodes.  As such, it is not surprising that electrode 

expansion is affected by electrode formulation.  Particularly in silicon electrodes, binder 

chemistry has played a major role in enabling stable electrode performance.  The binder has also 

been reported to influence cell expansion.  Polyrotaxane-poly acrylic acid, a highly elastic, low 

modulus binder covalently bonded to the Si particle surface, resulted in less SEI growth and 

irreversible electrode expansion after 10 cycles when compared to an electrode using a more 

conventional polyacrylic acid as the binder.207   On the other hand, Wang et al. and Yoon et al. 

reported that lower modulus binders resulted in larger irreversible thickness changes with 

cycling.113,208  In addition, softer binders showed larger differences between fully lithiated and 

fully delithiated electrode thickness.  Lack of covalent bonding between the soft binder and Si 

particles could explain the discrepancy between these studies and the relative irreversible 

expansions measured.  Further, the conductive additive choice can also modulate electrode 

expansion.  Karkar et al. reported dramatic differences in irreversible electrode expansion 

between electrodes with carbon black, vapor-grown carbon fiber, or graphite platelet fillers146.  
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Park et al. demonstrated the use of hollow graphene to reversibly buffer electrode volume 

expansions.209  Few electrode formulation studies report in-cycle volume changes113, although we 

expect these also to be affected.  

Electrolyte selection also plays a key role in silicon electrode performance and cell 

expansion.  Poor electrolyte stability leads to greater SEI growth and irreversible expansion.  

Using in-situ AFM measurements of SEI thickness, Yoon et al. reported more SEI growth on 

silicon when propylene carbonate was used as the electrolyte solvent instead of ethylene 

carbonate (EC)210, consistent with what has been observed in carbonaceous anodes211,212.  Zhang 

et al. conducted a systematic study of numerous electrolyte solvent systems and reported that a 

fluoroethylene carbonate (FEC)/dimethyl carbonate (DMC) blend resulted in the most stable SEI 

layer and best cycling stability in silicon-graphite/NMC532 full cells.213  Electrolyte additives are 

commonly used to increase SEI stability, as these components are preferentially reduced and 

generate stable SEI with desirable properties211.  Fluoroethylene carbonate (FEC) and vinylene 

carbonate (VC) are among the most widely used electrolyte additives in silicon-containing 

cells214–216.  Reduction of these components produce lithium carbonates, lithium alkyl carbonates, 

polycarbonates that are strongly adhered to the Si surface, and lithium fluoride216–219.  

Polycarbonate increases the SEI elasticity, making it more robust and resistant to fracture,220 and 

likely also affects the electrode expansion/contraction behavior.  However, both of these additives 

are continuously consumed during electrochemical cycling and are only capable of stabilizing 

cell performance for a limited time221,222.  Lithium difluoro(oxalato)borate (LiDFOB) has also 

demonstrated good performance as an electrolyte salt or additive for NMC and silicon electrodes, 

forming a low-impedance, stable SEI layer223–226.  Most studies on the effect of electrolyte 

selection on SEI growth and electrode expansion either utilize post-mortem analysis or measure 

nano-scale expansions on model electrodes186,227.  We are unaware of any literature on operando 

cell expansion measurements focusing on the effects of electrolyte selection and SEI growth in 

conventional composite electrodes. 
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Changing lithiation cutoff potentials will influence the degree of lithiation, and thus 

expansion, in silicon electrodes.  Wetjen et al. showed that wider potential windows resulted in 

larger irreversible thickness changes with cycling in silicon nanoparticle-graphite composite 

electrodes.228  In full cells, changing the capacity ratio between anode and cathode directly 

influences the potentials experienced at each electrode.229  This determines the degree of 

lithiation/delithiation at each electrode and should thus influence the cell expansion.  Stressing 

the voltage conditions at each electrode by decreasing the negative-to-positive electrode capacity 

ratio (N/P ratio) will result in greater gravimetric lithiation/delithiation and exacerbate electrode 

degradation.  In turn, we expect these conditions to increase both reversible and irreversible 

expansions in the cell. 

In the literature, many methods have been used to measure electrode thickness changes 

with cycling.  Post-mortem electrode thickness measurements using micrometers113,230 or 

scanning electron microscopy (SEM)228,231 are commonly used techniques.  However, these 

measurements are inherently destructive, assume the electrode thickness is not altered by cell 

disassembly or any other post-mortem processes, and only provide thickness information at two 

points, i.e., the start- and end-of-test.  Thickness changes in pouch cells have been monitored 

non-destructively using linear variable displacement transducers232–234, pressure sensors235, digital 

image correlation236,237, and other light-based methods238, yielding operando thickness 

monitoring.  However, pouch cell construction can be resource intensive, limiting the 

accessibility of this technique.  Another popular technique for operando single electrode 

thickness monitoring utilizes a rigid glass frit separator between the working and counter 

electrodes, allowing thickness changes of the electrode of interest to be monitored.234,239–242  

However, this technique is limited to low current testing, as the thick separator puts a large 

distance between the electrodes, resulting in large resistances when compared to coin cells and 

pouch cells. 

Most battery work begins with small-scale testing, thus a low-cost, simple-to-use 

electrochemical dilatometer compatible with coin cells is highly attractive.  In addition, 
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information on combined anode and cathode thickness changes is most relevant to practical cell 

design.  To fill these needs, we have developed an operando magnetic dilatometry measurement 

system to monitor cell thickness changes within coin cells.  We apply our technique to conduct 

operando cell thickness changes in Si/NMC622 2032 coin cells and investigate the influence of 

binder content, binder chemistry, capacity ratio, and electrolyte selection on cell expansion.  To 

our knowledge, the effects of these parameters on cell expansion have not been explored with 

operando cell expansion monitoring.  We aim to understand the significance of these parameters 

on cell expansion and ultimately, the true volumetric energy density of the cell. 

We hypothesize that reversible expansions are correlated to reversible discharge capacity, 

while irreversible expansions are linked to irreversible lithium loss and capacity fade.  We expect 

reversible expansions to be sensitive to the mechanical properties and morphology of the 

composite electrode.  Possible root causes for irreversible expansions tied to capacity losses 

include SEI growth, trapped lithium in silicon, and lithium plating. 

4.2 Methods 

4.2.1 Electrode preparation and coin cell fabrication 

Our NMC622 cathode and silicon anode electrodes with polyimide (PI) binder was 

prepared using the same method as described in our previous publication.156  In this study, we 

used an 80/10/10 silicon/graphene nanoplatelet (GNP)/binder weight ratio as the baseline 

electrode formulation, called “1 x PI”.  A high binder content electrode with three times the 

theoretical binder layer thickness was tested for comparison.  This electrode formulation was 

66.7/8.5/25 and referred to as “3 x PI.”  Silicon electrodes with pyrolyzed polyacrylonitrile (PAN) 

binder were prepared in the same method as the air-dried electrodes described in another 

previous publication.243  The formulation of these electrodes was 84.8/0.4/8.5/6.3 by weight of 

microparticle silicon/single-walled carbon nanotubes (SW-CNT)/carbon nano fiber 
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(CNF)/pyrolyzed polymer and are referred to as the “PAN” electrodes.  For convenience, Table 8 

lists the electrode formulations used in this study. 

Table 8: Electrode Formulations for Cell Expansion Study 

Name 
Silicon 
(wt%) 

GNP 
(wt%) 

SW-CNT 
(wt%) 

CNF 
(wt%) 

PI Binder 
(wt%) 

Pyrolyzed PAN Binder 
(wt%) 

1 x PI 80 10 0 0 10 0 
3 x PI 66.7 8.5 0 0 25 0 
PAN 84.8 0 0.4 8.5 0 6.3 

 

Full cells were assembled using a 15.3 mm diameter anode, 12.7 mm cathode, Celgard 

2325 separator, 40 µL of electrolyte, a 1.6 mm spring, and a 1.00 mm thick ferritic 430 steel spacer 

in a CR2032 coin cell.  Use of a ferritic spacer enabled magnetic detection of cell thickness 

changes during cycling.   

Three electrolytes were used in this study.  The first was 1.2 M LiPF6 in dimethyl 

carbonate:fluoroethylene carbonate (DMC:FEC) 4:1 with 2 wt% of vinylene carbonate (VC) and 

3 wt% OS3 (Silatronix).  The second electrolyte was 1 M LiPF6 in ethylene carbonate:dimethyl 

carbonate (EC:DMC) 3:7 with 2 wt% FEC, 1 wt% VC, and 1 wt% LiDFOB.  The third was 1 M 

LiPF6 in EC:DMC 3:7 with 1 wt% LiDFOB. These electrolytes are referred to as “Y2”, “B1,” and 

“C1,” respectively.  The OS3 additive was obtained from Silatronix, LiDFOB salt was obtained 

from Sigma-Aldrich, and all other electrolyte components were obtained from Gotion.  The 

electrolyte compositions are listed in Table 9. 

Table 9: Electrolyte Compositions for Cell Expansion Study 

Name Electrolyte Composition 
Y2 1.2 M LiPF6 in DMC:FEC 4:1 + 2 wt% VC + 3 wt% OS3 
B1 1M LiPF6 in EC:DMC 3:7 + 2 wt% FEC + 1wt% VC + 1wt% LiDFOB 
C1 1M LiPF6 in EC:DMC 3:7 + 1wt% LiDFOB 

 

The cell configurations we built for this study are listed in Table 10.  Two of each cell type 

were built and tested.  Cathode active material loading was fixed at 4.5 mAh cm-2 and anode 
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loadings were adjusted to meet the N/P targets.  Pristine electrode thicknesses were measured 

using a length gauge (Heidenhain MT 1281) affixed to a granite gauge stand (Heidenhain CS 

200). 

Table 10: Cell Configurations for Cell Expansion Study 

Electrode Electrolyte N/P Study Purpose 
1 x PI Y2 2.00 ± 0.05 Baseline 
3 x PI Y2 2.00 ± 0.05 Effect of binder content 
1 x PI Y2 1.50 ± 0.05 Effect of N/P ratio 
PAN Y2 1.5 ± 0.05 Effect of formulation 
1 x PI B1 2.00 ± 0.05 Effect of electrolyte 
1 x PI C1 2.00 ± 0.05 Effect of electrolyte 

 

4.2.2 Electrochemical Test Procedures 

Electrochemical tests were conducted using a battery cycler (Arbin, BT2043).  The cells 

and dilatometers were kept in a thermal chamber (TestEquity TEC1 thermoelectric chamber) 

maintained at 25°C.  Charge rates were calculated based on the cathode electrode capacity, 

measured at C/20 in a lithium half cell.  The galvanostatic cycling protocol consisted of two 

formation cycles (CC charge at C/20, CV charge to C/50, CC discharge at C20), followed by 

cycling (CC charge at C/3, CV charge until C/20, CC discharge at C/3) between 3.0 and 4.2 V.  A 

15-minute rest period was employed after each charge and each discharge. 

4.2.3 Magnetic Dilatometry 

To monitor cell thickness changes during operation, coin cells were tested within our 

first-of-its-kind magnetic dilatometry test hardware, shown in Figure 37.  A schematic of the 

hardware is shown in Figure 38.  The hardware contains a slot for the coin cell, positive and 

negative electrode connections for the coin cell, and a spherical magnet affixed to a 2-pound load 

cell (Futek QSH02030), which are both on a micrometer-adjustable, lockable sliding stage.  The 

load cell output is recorded using a digital load cell interface (Load Cell Central, model 

DSCUSB).  A spherical magnet (K&J Magnetics, S7, 7/16” dia.) was selected to reduce 
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experimental error from alignment issues, which we encountered when using flat, cylindrical 

magnets.  The overall external size of the hardware is 8.5 x 10.5 x 5.5 cm.   

 
Figure 37. Photograph of magnetic dilatometer for coin cells.  Photograph by W. Osad (GM R&D), May 3, 2023 

 

 
Figure 38. Schematic of magnetic dilatometry test hardware (a) before and (b) after cell expansion.  Force is 
inversely related to the distance between the magnetic components; therefore, if x1 < x2, then f1 > f2. 

The magnetic dilatometer consists of three key parts – the external spherical magnet, the 

load cell, and the coin cell slot.  The spherical magnet is pressed and glued into a spherical cup, 

which is then carefully affixed onto the load cell.  The load cell is mounted onto a small 

aluminum L-bracket, which is affixed to a micrometer-controlled slide rail, forming the slide-rail 

assembly.  This assembly is bolted onto an aluminum base.  A position-locking set-screw and two 

springs mounted to the aluminum base are used to control forward movement of the load cell 
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and spherical magnet.  The position-locking set screw is used to hold the external magnet at a 

fixed position, not in contact with the coin cell during dilatometer and cell operation.  The 

springs help to keep the load cell and magnet in position, preventing the magnetic attraction 

between the external magnet and the ferritic spacer from overcoming the locking set-screw and 

catapulting the external magnet towards the coin cell when the distance between the ferritic 

spacer and external magnet becomes small.  The load cell electrical cable is affixed to the 

aluminum base with a small amount of slack to help isolate the load cell from any spurious load 

readings from movements of the cable. 

The coin cell slot consists of a 3D printed nylon upper housing, a spring-loaded 

aluminum plunger for the positive electrical connection, and a machined aluminum lower 

housing, which serves as the negative electrical connection.  The lower housing is machined into 

the aluminum base, which is then mounted onto a 3D printed plastic base. 

The measurement principle is based on the force-distance relationship between the 

ferritic spacer and the external magnet.  As the electrodes expand and contract during 

electrochemical cycling, the position of the ferritic spacer shifts within the coin cell, changing the 

distance between it and the external magnet, thus changing the force measured at the load cell 

affixed to the external magnet 

Before beginning the electrochemical testing, we generated a force-distance calibration 

curve for each set of hardware.  After the coin cell is affixed within its slot, we record the load as 

the external magnet is adjusted in 50 µm steps.  This data is then fitted linearly to generate the 

calibration slope using a Python script.  Immediately prior to testing, the external magnet is 

adjusted to be 100 µm away from the coin cell, then locked in position before electrochemical 

cycling. 

Time synchronization of the electrochemical and load cell data streams was conducted 

using Python.  Extraction of maximum cell height, minimum cell height, and cell height at the 

start of each cycle was also conducted using Python.  Additional details are provided in Appendix 
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C.  Further data analysis was performed using OriginLab software (Origin 2022, Northampton, 

MA).   

We track two cell expansion metrics throughout the life of the cell: reversible and 

irreversible expansion.  These metrics are illustrated in Figure 39.   

 
Figure 39. Illustration of reversible (a) and irreversible (b) expansion. 

As we are primarily interested in cell thickness changes during cycling, both reversible 

and irreversible expansion are taken as a percentage of the cell thickness after formation, i.e., cell 

thickness at the start of the third cycle (first cycle after formation).  The cell thickness after 

formation, t3,o, was calculated by using the known initial cell thickness, t0, and measuring the 

thickness change from start-of-test to the end of formation, Δx, using eq. 6.  The cell thickness 

includes the anode and cathode electrode thicknesses.  We exclude the separator and current 

collector thicknesses as we assume they do not change during cycling.  

𝑡𝑡0 + ∆𝑥𝑥 = 𝑡𝑡3,𝑒𝑒 

eq. 6 

We define percentage reversible expansion at the ith cycle as: 

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑐𝑐𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝑥𝑥𝐴𝐴𝑡𝑡𝑡𝑡𝑐𝑐𝑆𝑆𝑐𝑐𝑡𝑡 =  
𝑥𝑥𝑆𝑆,𝑎𝑎𝑎𝑎𝑚𝑚 − 𝑥𝑥𝑆𝑆+1,𝑒𝑒 

𝑡𝑡3,𝑒𝑒
× 100 

eq. 7 

, where xi,max is the maximum spacer position during the ith cycle, and xi+1,o is the spacer position 

at the start of the subsequent cycle. 

We then define percentage irreversible expansion at the ith cycle as: 
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% 𝐼𝐼𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑐𝑐𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝑥𝑥𝐴𝐴𝑡𝑡𝑡𝑡𝑐𝑐𝑆𝑆𝑐𝑐𝑡𝑡 =  
𝑥𝑥𝑆𝑆,𝑒𝑒 − 𝑥𝑥3,𝑒𝑒

𝑡𝑡3,𝑒𝑒
× 100 

eq. 8 

, where xi,o is the spacer position at the start of the ith cycle and x3,o is the spacer position at the 

start of the third cycle. 

We hypothesize that irreversible expansion is correlated to capacity loss.  Since cells of 

different configurations degrade at different rates, we compare % irreversible expansion against 

the cumulative irreversible capacity of each cell.  We calculate the cumulative irreversible 

capacity over n cycles as 

𝑄𝑄𝑆𝑆𝑒𝑒𝑒𝑒 =  �(𝑄𝑄𝑒𝑒, 𝑆𝑆−1 −
𝑖𝑖

3

𝑄𝑄𝑒𝑒,𝑆𝑆) 

eq. 9 

, where Qd,i is the cell discharge capacity at the ith cycle and Qd,i-1 is the cell discharge capacity at 

the previous cycle. 

4.3 Results 

To check if the magnetic dilatometer had any influence on the cell cycling behavior, we 

ran preliminary tests where several of the cell configurations used in this study were built and 

cycled with commercially available 1.0 mm thick 316L stainless steel spacers.  A comparison of 

the discharge capacities is shown in Figure 40.  The discharge of the ferritic spacer cells was 

generally slightly lower than what was achieved with the austenitic spacers, but capacity fade 

trends are closely followed.  All subsequent testing was conducted using ferritic spacers in the 

coin cells, run in the magnetic dilatometer. 
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Figure 40. Comparison of coin cells with austenitic (conventional) and ferritic spacers.  Coin cells were otherwise 
the same.  Cells with Y2 electrolyte (a).  Cells with C1 electrolyte (b).  Cells with B1 electrolyte (c). 

Plots of the measured cell expansion for the first 1200 hours of testing for each cell are 

provided in Figure 41.   

 
Figure 41. Position of the ferritic spacer vs. time.  Positions are zeroed at the cell thickness at the start of C/3 cycling. 

Examples of time-synchronized plots of the measured cell expansion (spacer position), 

capacity, voltage, and current for the first 150 hours of testing are provided in Figure 42.   
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Figure 42. Stacked plots showing synchronization between cell cycling and cell expansion.  Cell #1 of the PAN 
electrode cells (left) and cell #1 of the B1 electrolyte cells (right). 

We observed several experimental artifacts and anomalies.  The first 1 x PI cell with the 

ferritic spacer exhibited earlier capacity decay than in our preliminary tests using austenitic 

spacers (Figure 40a).  Possible reasons for this behavior are electrolyte or electrode 

contamination, although we were not able to identify the root cause.  We also observed 

experimental artifacts which affected the measurement of reversible expansion in the second 1 x 

PI, N/P = 2.0 cell from cycles 72 to 220 (Figure 41).  We do not have a root cause, but we believe 

it to be an artifact because it had on/off characteristics.  The measurement of irreversible 

expansion was not affected.  But we have removed this section of reversible expansion data to 

make comparisons without the influence of the experimental artifacts.  Additionally, we observed 

issues in the calibration of the 1st cell using C1 electrolyte, resulting in non-sensical cell expansion 

values, so that replicate is excluded from this analysis.   
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We additionally include a table of the pristine cell thicknesses and cell thicknesses after 

formation for comparison in Table 11.  Most of the cells did not experience significant changes 

in cell thickness between those two points. 

Table 11: Pristine cell thicknesses, to, cell thicknesses after formation, t3, and the difference in cell thickness between 
those points, Δt, for the cell configurations studied in this work. 

Cell Configuration Replicate to (µm) t3 (µm) Δt 
1 x PI, N/P = 2, Y2 1 125.33 122.57 -2.76 
 2 120 117.44 -2.56 
3 x PI, N/P = 2, Y2 1 125.67 125.37 -0.30 
 2 122.67 123.67 +1.00 
1 x PI, N/P = 1.5, Y2 1 122.5 122.68 +0.18 
 2 121 120.65 -0.35 
PAN, N/P = 1.5, Y2 1 113.37 117.38 +4.01 
 2 110.5 114.84 +4.34 
1 x PI, N/P = 2, C1 1 124.67 --- --- 
 2 124.33 123.94 -0.39 
1 x PI, N/P = 2, B1 1 124.67 125.03 +0.36 
 2 125.5 122.10 -3.40 

Cell thickness includes both the anode and cathode electrode thicknesses and excludes the current collector and 
separator thicknesses, as we assume they are invariant. 

We confirmed that cell expansions are dominated by the anode electrode by comparing 

pristine electrode thicknesses with post-mortem electrode thicknesses of a subset of the cells, 

taken in the discharged state (Table 12).  Cell expansions are dominated by the anode electrode, 

as the irreversible anode thickness changes far exceeded those of the cathode electrode.  We 

expect this to be consistent across the different cell configurations that were tested in this study. 

Table 12: Pristine electrode coating thicknesses, to, electrode coating thicknesses at end-of-test, tEOT, and the 
difference in electrode thickness between these points, Δt. 

Cell Electrode to (µm) tEOT Δt 
1 x PI, N/P = 2, B1, #1 Anode 36.17 126 +89.83 
 Cathode 90.5 98 +7.5 
1 x PI, N/P = 2, B1, #2 Anode 35 109 +74 
 Cathode 90.5 98 +7.5 

End of test thicknesses were measured at low state-of-charge, using a micrometer after coin cell disassembly.  Changes 
in cell thicknesses are slightly higher than what was measured in the magnetic dilatometer.  These measurements were 
taken without significant force applied, unlike in the coin cell where the spring applies slight pressure to the electrodes.  
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Micrometers detect the largest thickness and are not suited to measuring average thickness across the electrode.  In 
addition, the post-mortem measurements were conducted approximately one month after the end of test, leaving 
ample time for additional thickness increases from side reactions over time. 

4.3.1 Binder Content vs. Cell Expansion 

To study the impact of binder content in the electrode formulation on cell expansion, we 

compared measured expansions of the 1 x PI and 3 x PI electrodes.  The discharge capacity of 

these electrodes during our cycle life test are shown in Figure 43a.  

We hypothesize that reversible expansion is proportional to reversible capacity.  The 

major source of cell expansion that is reversible is the reversible proportion of 

lithiation/delithiation, measured as discharge capacity.  Although SEI breathing can also 

contribute to reversible expansion, the contribution is nearly negligible on a microscopic level181.  

Therefore, we plot the ratio between percentage reversible expansion and discharge capacity to 

discern the influence of binder content on this ratio in Figure 43b.  The electrode with higher 

binder content exhibited less reversible expansion per discharge capacity, until the 100th cycle.  

Afterwards, the high binder electrodes exhibited more reversible expansion per discharge 

capacity. 

Percent irreversible expansion is plotted as a function of cycles and the cumulative 

irreversible capacity in Figure 43c and Figure 43d, respectively.  On average, the 3 x PI electrode 

showed less irreversible expansion than the 1 x PI electrode.  The open symbols denote the 50th, 

100th, 150th, 200th, and 250th cycles. 
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Figure 43. Discharge capacity (a), % reversible expansion scaled by discharge capacity (b), % irreversible expansion 
vs. cycle (c), and % irreversible expansion vs. cumulative irreversible capacity (d) for the 1 x PI and 3 x PI cells. 

4.3.2  Capacity Ratio vs. Cell Expansion 

To study the influence of N/P ratio on cell expansion, we compared cells made with the 1 

x PI electrodes at N/P = 2.00 ± 0.05 and N/P = 1.50 ± 0.05, as shown in Figure 44.  The 1 x PI, 

N/P = 2.00 cells are the same as those shown in Figure 43.   We observed no influence from N/P 

ratio on the reversible expansion, as it is normalized by the discharge capacity.  Unexpectedly, we 

observed that the cells with lower N/P showed less irreversible expansion than the cell with 

higher N/P. 
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Figure 44. Discharge capacity (a), % reversible expansion scaled by discharge capacity (b), % irreversible expansion 
vs. cycle (c), and % irreversible expansion vs. cumulative irreversible capacity (d) for the 1 x PI cells at N/P = 2.00 
and N/P = 1.50. 

To help understand the differences in internal resistances in these cells, we monitored the 

voltage decay during the 15-minute open circuit rest after charging, as a proxy for cell resistance.  

The N/P = 2.00 cells showed greater voltage drop, thus cell resistance, than the N/P = 1.50 cells. 

 
Figure 45. Voltage drop during the 15-minute OCV rest after charging and before discharging vs. cycle count for the 
1 x PI electrodes with Y2 electrolyte at N/P = 2.00 and N/P = 1.50. 
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4.3.3 Binder Selection and Electrode Formulation vs. Cell Expansion 

To study the influence of electrode formulation on cell expansion, we compared 

electrodes made with PI binder and electrodes made with pyrolyzed PAN binder.  The discharge 

capacities, reversible expansions, and irreversible expansions are shown in Figure 46.  The 

reversible expansion was higher in the PAN electrodes than in the 1 x PI electrodes.  No 

significant differences in irreversible expansion were observed. 

 
Figure 46. Discharge capacity (a), % reversible expansion scaled by discharge capacity (b), % irreversible expansion 
vs. cycle (c), and % irreversible expansion vs. cumulative irreversible capacity (d) for the 1 x PI and PAN cells at N/P 
= 1.5. 

4.3.4 Electrolyte Selection vs. Cell Expansion 

To study the influence of electrolyte selection on cell expansion, we compared the cell 

expansion observed in cells made with the 1 x PI electrode at N/P = 2.00 ± 0.05 using three 

different electrolytes, as shown in Figure 47.  Again, the 1 x PI cells with Y2 electrolyte are the 

same as those shown in Figure 43.  We observed differences in capacity fade behavior between 

the three electrolytes (Figure 47a).  The reversible expansion to discharge capacity ratio also 

showed differences between electrolytes (Figure 47b).  The Y2 cells exhibited continual decrease 
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in reversible expansion with cycling, while the reversible expansion in the B1 and C1 cells 

increased after the onset of capacity fade.  A similar trend was observed in the percentage 

irreversible expansion; the irreversible expansion plateaued with cycling while it increased in the 

B1 and C1 cells after the onset of capacity fade (Figure 47c).  When percentage irreversible 

expansion is plotted against cumulative irreversible capacity, we observe that the three 

electrolytes result in different rates of irreversible expansion (Figure 47d). 

 

 
Figure 47. Discharge capacity (a), % reversible expansion scaled by discharge capacity (b), % irreversible expansion 
vs. cycle (c), and % irreversible expansion vs. cumulative irreversible capacity (d) for the 1 x PI cells with Y2, C1, and 
B1 electrolytes. 

For the reader’s convenience, we have additionally included plots of the reversible and 

irreversible expansions in microns vs. cycle number in Figure 48 and Figure 49, respectively.   
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Figure 48. Reversible expansion, in microns, vs. cycle. 
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Figure 49. Irreversible expansion, in microns, vs. cycle. 

4.4 Discussion 

During the 12-hour rest that was employed between cell build and the start of formation, 

the electrodes tended to compress further (Figure 41 and Figure 42).  Electrolytes will typically 

swell binder materials, resulting in plasticization of the binder and a reduced modulus244.  A 

reduction in binder modulus softens the composite electrode, resulting in the observed 

compression as the electrolyte soaks into the electrodes. 

Subsequently during formation, the overall cell thickness increases with cycling due to 

irreversible processes, including Si amorphization, Si lithiation, and SEI growth.  Interestingly, 

the initial cell thickness and cell thickness after formation are similar (Table 11).  Overall we 
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observed the cell thickness increase during charging and decrease during discharging (Figure 

42), as the Si volume changes dominate (~300% in Si201 vs. ~1-2% in NMC62291).  The volume 

change behavior during formation was less consistent than during cycling.  This could be 

attributed to phenomena that are unique to the formation process, such as the crystalline-to-

amorphous transition in the Si, initial SEI formation, and electrode cracking114. 

4.4.1 Influence of Binder Content on Cell Expansion 

Electrode binder content has a measurable effect on cell expansion.  In earlier cycles, the 3 

x PI electrodes exhibit less reversible expansion, when scaled by discharge capacity (Figure 43b).  

One reason is that higher binder content increases the compliance of the electrode, especially as 

the electrolyte swells and plasticizes the binder.  As such, the electrode is more able to buffer 

volume expansions of the electrode particles.  A second explanation is that the high binder 

content reduces the electrode porosity and limits silicon particle accessibility in early cycles156.  

With less amorphization of the available silicon, we expect less volume change. 

This trend reverses in later cycles.  After around 100 cycles, the 3 x PI electrodes exhibit 

more reversible expansion per discharge capacity than the 1 x PI electrodes.  Our previous work 

found that silicon utilization with cycling is influenced by binder content.156  Namely, silicon 

utilization in the 3 x PI electrodes increases by 200% after 50 cycles at C/5, compared to only 75% 

the 1 x PI electrodes.  We believe this explains the current observation – that reversible expansion 

in the high binder electrodes increases in later cycles as the silicon utilization also increases. 

With regards to irreversible expansion, the 3 x PI electrodes exhibited less capacity loss, 

leading to less irreversible expansion with cycling than the 1 x PI electrodes (Figure 43a and 

Figure 43c), consistent with our hypothesis.  When plotted as a function of cumulative 

irreversible capacity Figure 43d), the 3 x PI electrodes show less irreversible expansion for the 

same level of capacity fade, especially at lower levels of capacity fade.  We believe this is again tied 

to the expansion-buffering effect of the binder. 
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4.4.2 Influence of Capacity Ratio on Cell Expansion 

Decreasing the N/P ratio pushes the silicon to a higher gravimetric capacity (Figure 44a).  

We observe that N/P ratio has no influence on reversible expansion, when scaled by discharge 

capacity (Figure 44b).  This is completely in agreement with our hypothesis – that when the 

electrode formulation and electrolyte composition are held constant, the reversible expansion is 

simply a function of the reversible discharge capacity.  We regard the N/P = 2.00, cell #1 as an 

outlier, as it exhibited an unexpectedly early onset of capacity fade.  With the capacity fade, the 

reversible expansion in this cell decayed significantly, implying the presence of a different 

degradation mechanism. 

Surprisingly, we observed lower irreversible expansion in the cells with lower N/P ratio 

(Figure 44c).  Originally, we expected that increased silicon lithiation in the low N/P cell would 

result in more Si particle cracking and SEI growth, leading to more irreversible expansion.  

However, this is not what we observed.  An alternative explanation is tied to reduced anode 

electrode resistances in the low N/P cells.  To achieve the lower N/P with a fixed cathode loading, 

the anode loading was reduced.  Concomitantly, the electrode thickness is reduced, resulting in 

an electrode with lower resistance.  Lower resistance would reduce instances of trapped lithium 

and lithium plating, and thereby reducing the irreversible expansion.  Indeed, when we compare 

the voltage decay during the 15-minute open circuit rest after charging as a proxy for cell 

resistance, there is less voltage decay, thus less resistance in the lower N/P cells (Figure 45). 

4.4.3 Influence of Binder Chemistry and Electrode Formulation on Cell Expansion 

In our comparison between the PI and PAN electrodes, the PAN electrodes exhibited far 

greater reversible expansion than the PI binder electrodes (Figure 46b).  Both electrodes started 

with initial total porosities of 50-55%156,243, however the binder in the PAN electrodes have been 

carbonized via pyrolysis.  This results in a significantly stiffer binder and electrode.  Although 

silicon particles in conventional electrodes can readily expand into the pores throughout the 
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electrode, we believe that the lack of flexibility in the PAN electrodes cannot accommodate this 

movement and favors overall electrode expansion over pore-filling. 

As for irreversible expansion, the PAN electrodes exhibited significantly more irreversible 

expansion with cycling (Figure 46c).  But when scaled by capacity loss, the rate of irreversible 

expansion was very similar to that in the PI electrodes (Figure 46d).  Although the binder 

chemistry did not affect the capacity loss-scaled irreversible expansion in this case, this may not 

be the case with other binder chemistries.  In cases where binder chemistry directly affects SEI 

growth rates, we expect to see differences in irreversible expansion with binder chemistry, as 

reported in other literature113,207. 

4.4.4 Influence of Electrolyte Selection 

The onset and nature of capacity decay reveal characteristics and efficacy of the additive 

packages and solvent systems utilized in the electrolytes tested.  For electrolyte selection, there 

are two contributing factors to capacity decay: the solvent stability and additive consumption.  

FEC, VC, and LiDFOB are all consumable electrolyte additives.  When the additives are fully 

consumed, there is a notable downward inflection point in the capacity curves221.  On the other 

hand, switching electrolyte solvent systems tend to produce different capacity decay slopes due to 

the varying solvent stabilities213.  The C1 cells had the lowest additive content, therefore it 

exhibited the characteristic downward inflection point in the fewest cycles (around 75 cycles; 

Figure 47a).  Meanwhile, the B1 electrolyte, which contained a combination of FEC, VC and 

LiDFOB, was more effective at maintaining the cell discharge capacity up to 175 cycles, after 

which the capacity decays notably.  The Y2 contains DMC and FEC as co-solvents, which has 

been reported to be a more stable solvent system than EC/DMC213.  In addition, the additive 

content in Y2 is the highest among the electrolytes tested.  As such, cells with the Y2 electrolyte 

did not typically contain the downward inflection point, apart from our first cell, which failed 

uncharacteristically early.  Overall, the B1 cells exhibited the best capacity retention, indicating 

that the FEC/VC/LiDFOB additive package, though sparingly used, was an effective electrolyte 
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additive package for our Si/NMC622 cells.  Further improvements would include finding ways to 

prolong the effectiveness of this additive package. 

Reversible cell expansions show different behavior for each electrolyte.  In the B1 and C1 

cells, we observe coincident increases in reversible expansion with the downward inflection point 

in the capacity curves (Figure 47b).  We do not believe this is tied to evolving composite 

electrode stiffness with cycling.  Wang et al reported that composite electrode moduli decrease 

with cycling, as the SEI builds up, Li is increasingly trapped in the Si, and mechanical integrity 

declines245.  This should result in a decrease in reversible expansions, yet we observed the 

opposite.  Instead, we attribute the shift in reversible expansion behavior to shifts in silicon 

utilization with electrode degradation.  Michan et al. proposed that as SEI growth clogs electrode 

pores, silicon particle accessibility declines, especially near the current collector.127  As a result, 

accessible Si particles near the electrode surface become more deeply lithiated.  When this occurs, 

the electrode porosity is no longer able to accommodate Si volume changes, forcing the electrode 

thickness to increase.  Interestingly, the Y2 cells show a continual decrease in reversible 

expansion with cycling (Figure 47b).  We attribute this to the differences in electrolyte 

composition, but further work would be required to fully understand this observation. 

Irreversible expansions also showed a distinct trend with discharge capacity (Figure 47c).  

For the B1 and C1 electrolytes, upticks in irreversible expansion occurred with downturns in 

discharge capacity.  This is in line with SEI-related cell degradation mechanisms that have been 

elucidated in literature113,127,246.  The increase in SEI growth clogs electrode pores and increases 

cell resistance, leading to trapped lithium and capacity loss.  As SEI growth and trapped lithium 

increase, their effects are measurable in irreversible cell expansions.  The pattern of irreversible 

expansion plotted against cumulative discharge capacity also reflects the cell degradation 

behavior with each electrolyte system (Figure 47d).  Again, the B1 and C1 electrolytes exhibit a 

step-change in the rate of irreversible expansion vs. cumulative irreversible capacity loss, 
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corresponding to the downward inflection point in the capacity curves, indicating a change in 

SEI growth mechanism.    

4.4.5 Influence of Cell Expansion on Volumetric Energy Density 

To understand the impact of cell expansion on volumetric energy density, we used the 

measured cell expansions for the 3rd cycle, then every 50 cycles thereafter.  Included in the cell 

volume were a 22 µm thick aluminum current collector, 10 µm thick copper current collector, 25 

µm thick separator, and the expanded electrode thicknesses at that cycle.  We excluded the coin 

cell hardware volume, as it is less of a factor in large format, commercial battery cells.  We also 

did not include excess electrolyte volume, as further studies would be needed to determine the 

optimal quantity of electrolyte.   

 
Figure 50. Volumetric energy density vs. cycle for cell configurations tested in this study. 
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Our calculations show that the volumetric energy density significantly decays with 

cycling, mainly due to irreversible expansions.  Interestingly, the volumetric energy density of the 

3 x PI cells becomes higher than that of the 1 x PI cells around cycle 150.  The cell configurations 

with the best energy density retention at 200 cycles are 1 x PI, N/P = 2.00, B1 cells and the 1 x PI, 

N/P = 1.50, Y2 cells, both decaying by only ~30%.  Additionally, using a lower capacity balance 

improved capacity retention and reduced irreversible cell expansions, yielding a lower ideal N/P 

ratio.  Meanwhile, the C1 and Y2 electrolytes exhibited the poorest energy density decay, 

dropping by ~80% from 3 to 200 cycles.  This highlights that judicious selection of peripheral cell 

parameters can have a major impact on volumetric energy density over the life of the battery. 

4.5 Conclusions 

Magnetic dilatometry is a low-cost, facile method for conducting operando cell thickness 

measurements in coin cells.  Prior to our work, these measurements were limited to post-

mortem, usage of thick glass-frit separators, or large format cells, all less accessible than the 

present technique.  Magnetic dilatometry is enabled by the usage of a ferritic stainless-steel spacer 

and the measurement of the load detected at a spherical magnet held at a fixed position external 

to the coin cell.  Electrode expansions and contractions shift the position of the ferritic spacer 

relative to the stationary, external magnet, changing the detected load.  A force-position 

calibration curve is utilized to convert the detected measured load into a cell expansion.   

We utilized this technique to conduct operando cell thickness measurements in 

Si/NMC622 coin cells, where cell expansions were dominated by the silicon anode volume 

changes.  We studied the influence of electrode binder content, electrode formulation, N/P ratio, 

and electrolyte selection on cell expansion, tracking both reversible and irreversible expansion in 

the cell.  Ultimately, these measurements shed light on how volumetric energy density evolves 

with cycling—an important metric for automotive battery design.   

• Cell expansions in Si/NMC622 cells are dominated by the silicon anode behavior. 

• Irreversible cell expansions correlate with irreversible capacity losses. 
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• Increasing the electrode binder content results in reduced initial capacity but cycling 

stability and energy density are maintained with cycling.   

o 3 x PI exhibited a 55% reductio in volumetric energy density after 250 cycles, 

while 1 x PI exhibited 75%. 

• Decreasing N/P ratio resulted in lower electrode resistances, higher cycling stability, and 

better maintenance of volumetric energy density.   

o Cells with N/P = 1.50 exhibited only a 30 % reduction in volumetric energy 

density after 250 cycles, while cells with N/P = 2.00 exhibited a 75% reduction. 

• Pyrolyzing the binder increases cell expansion.   

o Silicon electrodes with polyimide binder cells exhibited a 30 % reduction in 

energy density at 200 cycles, while electrodes PAN binder exhibited a 50% 

reduction. 

• Electrolyte choice has a significant impact on cell expansion with cycling 

o Cells with the B1, Y2, C1 electrolytes exhibited 10%, 60%, and 70% reduction in 

energy density at 150 cycles, respectively. 

When reversible expansions were scaled by cell discharge capacity, we observe that they 

are most sensitive to the mechanical properties of the composite electrode.  When the electrode 

formulation remains the same, reversible expansions scale with discharge capacity, as in our cells 

with varying N/P ratios.  Increasing electrode stiffness, by decreasing binder content or by 

pyrolyzing the binder, increased reversible cell expansions, as the electrode is less able to buffer 

any expansions.  However, when testing different electrolytes, increases in the reversible 

expansion-to-discharge capacity ratio were not a result of shifting electrode modulus.  Instead, 

we believe they were the result of a shift in silicon utilization stemming from extensive SEI 

growth. 

Irreversible expansions were a symptom of cell degradation mechanisms.  Most notably, 

the influence of electrolyte selection had the strongest impact on irreversible expansions.  
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Increases in irreversible expansion growth rates coincided with cell capacity decay rates.  Usage 

of a ternary blend of electrolyte additives (LiDFOB, VC, and FEC) suppressed irreversible 

expansion by up to two thirds compared to usage of a LiDFOB alone or by up to one half when 

using binary additive package containing just FEC and VC.  

Further work to elucidate root causes of the observed expansion behavior is warranted.  

This could include tracking electrode morphology and mechanical properties with cycling, 

tracking electrolyte composition with cycling, and tracking SEI composition with cycling to 

corroborate the present measurements. 

Additionally, as most battery development begins at the coin cell level, magnetic 

dilatometry allows researchers to understand cell expansion behavior at an earlier stage of 

research.  We believe this technique presents a great opportunity for further exploration, as a vast 

parameter space and its influence on cell expansion can now be explored using the coin cell 

platform.  
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Chapter 5 Conclusions and Future Work 

5.1 Summary 

We examine the structure-properties-performance relationships in silicon microparticle 

electrodes for lithium-ion batteries, exploring the influence of formulation and cell parameters, 

i.e., electrolyte selection and capacity ratio.  We track how electrode formulation affects electrode 

porosity, mechanical properties, and electrical conductivity, and identify correlations between 

these characteristics and electrochemical performance.  The various cell configurations are 

evaluated using three critical performance metrics: fast-charge capability, gravimetric energy 

density, and volumetric energy density.  Full cells with high capacity loadings (4.5 mAh cm-2 at 

beginning of life) were used throughout our study to maintain relevance to near-term 

commercialization targets.  

Binder content can significantly impact electrode performance, lithiation/delithiation 

kinetics, and degradation mechanisms.  Increasing binder content decreases electrode porosity 

and electrical conductivity but improves cohesion between electrode particles and adhesion to 

the current collector.  Decreasing electrode porosity and electrical conductivity reduce silicon 

particle accessibility to lithium ions and electrons.  This affects lithiation/de-lithiation kinetics 

and increases electrode overpotentials during charging and discharging and reduces electrode 

capacity at high charge rates.  On the other hand, increasing binder content will improve 

electrode mechanical integrity and improve capacity retention during long-term cycling.  

Therefore, optimizing the binder content in electrode formulations involves a trade-off.   

When capacity retention is the main objective, increased binder content is advantageous.  

But to also achieve improvements in fast-charge performance, a balance between particle 

accessibility and mechanical robustness is needed.   
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Additionally, using XRD to monitor silicon amorphization with cycling, our work 

revealed that binder content can influence electrode degradation.  In electrodes with optimal 

binder content, the rate of silicon amorphization, thus utilization, is more stable than in 

electrodes with excess or insufficient binder content. 

Conductive additive content also impacts electrode performance.  Increasing the 

conductive additive content increases the electrical conductivity of the electrode.  However, we 

found that there is a minimum threshold of conductivity required for adequate electrode 

performance – above this threshold, there were no appreciable performance benefits.  

Interestingly, no clear correlation was found between conductive additive content and electrode 

mechanical properties.  No correlation was observed between GNP content and capacity 

retention during long-term cycling. 

The conductive additive content most strongly affects electrode morphology and 

lithiation/delithiation dynamics.  Increasing the conductive additive content, an inactive 

component, necessitates an increase in electrode thickness to maintain the same active material 

areal loading.  This increases the lithium-ion diffusion path length, decreasing silicon particle 

accessibility and increasing lithiation overpotentials.  With excessive conductive additive content, 

the electrode porosity will collapse, due to preferential stacking of the plate-like conductive 

additive used in our study, further limiting silicon particle accessibility. 

Fixed capacity lithiation experiments, combined with post-mortem XRD revealed that 

silicon strongly depends on particle accessibility.  Electrodes with low GNP content (high 

porosity and low thickness) exhibited the highest rates of silicon amorphization, while electrodes 

with high GNP content (low porosity and high thickness) exhibited the lowest rates of silicon 

amorphization. 

Examination of coulombic efficiencies reveals that increasing the conductive additive 

content helps to maintain connectivity of silicon particles during delithiation.  Generally, 

coulombic efficiencies increased with conductive additive content.  However, excessive 
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conductive additive content resulted in very poor coulombic efficiencies, due to low electrode 

porosity and poor particle accessibility. 

We compare the gravimetric energy densities and fast charge capability of the various 

electrode formulations tested in this work as a function of formulation and cycle number.  For 

the electrodes tested in the first parts of this thesis, we find that an electrode formulation with 

between 5 and 10 vol% GNP and 6 nm binder layer thickness would give the best combination of 

fast-charge capacity and gravimetric energy density, on a total electrode mass basis, at both 

beginning and end-of-life. 

In the last chapter of this dissertation, we used operando magnetic dilatometry on coin 

cells to explore the effects of electrode formulation, capacity ratio, and electrolyte selection on 

cell expansion.  We monitored both reversible and irreversible cell expansions.  Reversible 

expansions are a function of reversible electrode capacity and stiffness, while irreversible 

expansions were a symptom of cell degradation mechanisms.   

Our measurements revealed how cell parameter selection influences the volumetric 

energy density retention with cycling, with capacity ratio and electrolyte selection exhibiting the 

strongest effect.  Of the cell configurations studied in this dissertation, the 1 x PI electrodes at 

N/P = 1.50 and the Y2 electrolyte exhibited the most stable and highest volumetric energy 

density.  We believe additional improvements can be achieved by further refining electrolyte 

compositions, as the B2 electrolyte was able to limit irreversible cell expansion and maintain high 

volumetric energy density through the 150th cycle. 

Overall, the insights gained in this thesis contribute to the development of silicon 

microparticle composite electrodes for lithium-ion batteries.  Our systematic investigation of the 

effects binder and conductive additive content indicated a strong interdependence between 

electrode formulation, structure, properties, and performance.  In addition, our operando 

magnetic dilatometry experiments revealed that cell parameters, including electrode formulation, 

capacity ratio, and electrolyte selection, played a significant role in controlling reversible and 

irreversible cell expansions with cycling.  The insights gained through the course of this work can 
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inform continued electrode and cell optimizations, guide definition of product specifications for 

commercialization, and serve as a catalyst for future research and development of silicon anode 

electrodes for lithium-ion batteries. 

5.2 Future Work 

5.2.1 Measuring Lithium-Ion Diffusion through Polymeric Binders 

One subject that was left untouched in this thesis is the diffusion of lithium-ions through 

polymeric binders.  Many measurements of lithium-ion diffusion coefficient measurements have 

been made for various anode active materials, e.g., silicon17,167,168,247, graphite248, lithium titanium 

oxide249, nickel manganese cobalt oxide250,251, lithium cobalt oxide252, and lithium ion 

phosphate253,254, and for solid electrolyte interphases255,256.  Comparatively few measurements of 

lithium-ion diffusion through the binder layer have been published, despite the vast diversity of 

polymeric binder materials63.  Obtaining these measurements could be highly valuable for 

computational simulations and to measure the efficacy of binder design and processing towards 

improving lithium-ion diffusion.  To this end, we made some experimental efforts, which are 

detailed in Appendix E.  But due to unsolved experimental difficulties, this project was not 

completed. 

5.2.2 Understanding Degradation Mechanisms 

Continued effort to understand the interaction between electrode formulation, 

manufacturing variations, and electrode degradation mechanisms are critical to producing high 

quality batteries with exceptional durability and reliability.  The elucidation of degradation 

mechanisms is extremely time and resource intensive, yet invaluable.  Piecing together a more 

complete understanding of this topic can unlock innovations in degradation avoidance or 

mitigation strategies and drive the advancement of battery technology. 

Specifically, additional post-mortem analysis on the formulations tested in this 

dissertation could be illuminating.   
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• Combined usage of electron backscatter diffraction (EBSD) and energy dispersive 

spectroscopy (EDS) maps can identify regions of silicon amorphization within silicon 

electrode cross-sections.  These techniques have the potential to reveal the morphology of 

silicon amorphization within electrodes and how it evolves with cycling.  The effects of 

many parameters, such as electrode formulations, manufacturing procedures, and cycling 

conditions, on silicon utilization can be explored.  In addition, serial sectioning, 

combined with EBSD/EDS within the same electrode can reveal the effects of 

manufacturing variations in electrode utilization. 

• Development of spatially-resolved characterization techniques that are sensitive to light-

elements can also help to develop a more complete understanding of the effects of 

electrode formulation and other cell parameters on degradation mechanisms.  In 

particular, correlative Raman-SEM imaging, which can provide up to 360 nm lateral 

resolution and 1.5 µm depth resolution shows incredible promise to this end257.  Raman 

spectroscopy is sensitive to changes in molecular vibrations.  It is capable of detecting 

changes in binder and SEI chemistry and strains in lithiated silicon258.  In addition, 

Raman spectroscopy could potentially also detect changes in lithiation in silicon-

derivative active materials, such as amorphous silicon, silicon oxide, lithiated silicon 

oxides, and carbon/silicon composite materials, which can also be immensely beneficial 

to the research community, as these materials have garnered strong interest in recent 

years. 

5.2.3 Understanding Cell Expansion 

The database of cell expansion data in published literature is sparse, as previous methods 

of measuring cell expansion were cumbersome and resource intensive.  The technique of 

magnetic dilatometry in coin cells, as demonstrated in this work, significantly reduces that 

barrier, so that the influence of an infinite number of cell parameter combinations on cell 

expansion can be measured. 
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• Coupling cell expansion tests with post-mortem analysis to deepen understanding of cell 

degradation mechanisms at play would be another valuable direction of future work.  

Again, informing our understanding of electrode degradation mechanisms is invaluable 

to battery development work. 

5.2.4 Emphasizing Development of High-Throughput Characterization Techniques 

The focus of this dissertation was to elucidate the relationship between electrode 

formulation and performance, with the thought that these learnings could inform not only 

electrode design and specifications, but also quality inspection standards.  To apply these 

learnings to a high-volume manufacturing setting, an emphasis on developing high-throughput 

characterization techniques can also be of great value to battery manufacturers.  For light duty, 

all-electric vehicles, a battery size of 100 kWh is typical.  Assuming the following parameters 

from the cells tested in this work (4.5 mAh cm-2, 80% ICE, 3.6 V average voltage), approximately 

750 m2 of anode and 750 m2 of cathode coating would be required per vehicle.  This necessitates 

very high manufacturing speeds and a high volume of quality inspections.  Development of high-

speed quality control characterization techniques can help ensure high-quality manufacturing 

and can reduce quality inspection costs, making it extremely valuable to battery manufacturers. 
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Appendix A: Calculation of Theoretical Binder Layer Thickness 

To calculate the theoretical binder layer thickness, the total binder volume in the 

formulation was divided by the total available particle surface area.   

𝑡𝑡𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒𝑎𝑎𝑒𝑒 =
𝜌𝜌𝑏𝑏𝑓𝑓𝑏𝑏

𝐴𝐴𝑆𝑆𝑆𝑆𝑓𝑓𝑆𝑆𝑆𝑆 + 𝐴𝐴𝐶𝐶𝑓𝑓𝐶𝐶
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 

, where ρb is the binder density, fb, fSi, and fc are the weight fractions of binder, silicon, and 

carbon, respectively, ASi and Ac are the gravimetric surface area (typically reported in units of m2 

g-1) for the silicon and carbon particles, and mtot is the total solid mass of the electrode 

formulation.  mtot excludes the solvent mass in the slurry. 

We used the Brunauer, Emmett, and Teller (BET) surface areas provided by the materials 

suppliers.  The gravimetric surface area for the electrode particles was 80 m2 g-1 for the xG 

Sciences GNP H5 conductive additive and 3.49 m2 g-1 for the Elkem e409 silicon microparticles.  

The Ube U-Varnish A polyimide density was 1.5 g mL-1. 
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Appendix B: Definition of Cell Expansions for Calculation of True Energy Density 

Cell volume expansion: 

∆𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 +  ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

, where ∆𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒, and ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒 are the volume change in the cell, anode, and cathode 

electrodes, respectively. 

Total anode electrode expansion: 

∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 = ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑟𝑟 + ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑒𝑒𝑒𝑒 

, where ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒, ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑟𝑟, and ∆𝑅𝑅𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑒𝑒𝑒𝑒 are the total, reversible, and irreversible anode 

electrode volume expansions, respectively. 

Total cathode electrode expansion: 

∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 = ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑟𝑟 + ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑒𝑒𝑒𝑒 

, where ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒, ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑟𝑟, and ∆𝑅𝑅𝑒𝑒𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑒𝑒𝑒𝑒 are the total, reversible, and irreversible 

cathode electrode volume expansions, respectively. 

Calculation of true volumetric energy density:  

𝐸𝐸𝑟𝑟𝑒𝑒𝑒𝑒𝐶𝐶𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒 =  
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + ∆𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
 

, where Vcell is the nominal cell voltage, Qcell is the cell capacity, vcell is the sum of the anode, 

cathode, separator, and current collector volumes, and Δvcell is the volume expansion of the cell.  
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Appendix C: Additional Details on Data Calibration and Processing Procedures for 

Magnetic Dilatometry 

The calibration curve establishes the linear relationship between the load measured at the 

external magnet and the distance between the external magnet and ferritic spacer in the coin cell.   

The calibration data contains a known series of position increments measured from the 

load cell sensor.  There is some extraneous data since these calibration data points are collected 

by hand.  For example, there is some variability in the timing and spacing of the steps. To identify 

and isolate the relevant calibration data, an “ideal” series of steps is constructed at fixed 

positional increments matching those used in the calibration, i.e., 50 µm step movements of the 

external magnet and load cell. The data for both the constructed steps and the measured 

calibration data is normalized between 0 and 1 to ensure both sets of data fall within the same 

scale.  

To identify where the calibration data begins and ends, a method called ‘dynamic time 

warping’ (DTW) is used. A DTW algorithm measures the distance between two time series data 

sets containing some similar feature. The normalized constructed data is swept across the 

normalized measured data, in both forward and reverse, through the DTW algorithm. The 

location of the minimum distance recorded in the forward sweep is used to denote the beginning 

of the calibration data, and the minimum distance recorded in the reverse sweep is used to 

denote the end of the calibration data. This allows the extraneous data at the beginning and end 

of the record to be discarded. 

To clean up any data points that fall between calibration steps, the difference between 

each data point and the two data points surrounding it is calculated. Data points that appear in a 

calibration step will show only a very small difference in at least one direction, while extraneous 
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data points will show some substantial amount of difference in both directions. Any points with 

substantial difference in both directions are discarded. 

After the calibration data has been isolated and cleaned, the calibration steps are binned 

and labeled. The isolated calibration data is again run through a differencing algorithm, with the 

result being run through a kernel density estimate (KDE) algorithm to determine the typical 

difference between calibration steps. A KDE algorithm works like a continuous histogram, with 

peaks appearing at values estimated to be the most common. In this case, two peaks are expected, 

with the tallest peak at zero, and a shorter peak around the typical step height. Using this 

approximate step height, the data points are iterated through, binned, and labeled with their 

corresponding expected measured height in microns. 

With the calibration data binned and labeled, the median value at each step is selected or 

calculated and run through a linear regression algorithm to determine the slope between the 

measured value from the load cell and the actual entered distance in microns. The slope and the 

R2 value are recorded in the measurement file. 

To determine the linear offset, the measured sensor value at the beginning of the test is 

used. The position at the beginning of the test is subtracted from all measurements, ensuring that 

the measured load cell value at the beginning of the test is equal to 0.  

Since the load cell data is collected separately from the cycler data, the data sampling rates 

do not match between the two data streams. To correct this, the load cell data is interpolated to 

match the time scale of the cycler data. 

With the cell expansion measurement data calibrated and interpolated, the statistical data 

needs to be compiled. Using the cycle number that is included in each measurement record from 

the battery cycler, the measured height at the beginning of the cycle and the minimum and 

maximum heights during the cycle are identified and appended to the provided per-cycle data 

from the cycler. 

The Python and library versions used for this code were Anaconda 2022.10, Python 

3.9.13, pandas 1.4.4, NumPy 1.21.5, SciPy 1.9.1, FastDTW 0.3.4, sklearn 0.0.post1, openpyxl 
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3.0.10, and the editor used was Jupyter Notebook 6.4.12.  The KDE algorithm is included in the 

pandas library and the DTW algorithm is from the FastDTW library. 
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Appendix D: Connected Electrode Porosity Calculation 

We assume there is some electrolyte uptake into the binder and some into the connected, 

accessible pores.  To estimate binder uptake of the electrolyte, thin coatings of binder, without 

any silicon or carbon, were soaked in electrolyte for 18 hours and weighed before and after 

soaking.  From this experiment, we determined the percentage weight gain from electrolyte 

uptake.   

% 𝑢𝑢𝐴𝐴𝑡𝑡𝑡𝑡𝑢𝑢𝑅𝑅 =  
�𝐴𝐴𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑒𝑒𝑎𝑎𝑠𝑠 − 𝐴𝐴𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑏𝑏𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑒𝑒𝑎𝑎𝑠𝑠�

𝐴𝐴𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑒𝑒𝑎𝑎𝑠𝑠
 

, where mbinder, after soak and mbinder, before soak are the masses of the binder coating before and 

after soaking in electrolyte.  To find the weight of the electrolyte in the binder after soaking the 

electrode, wbinder, we multiply the weight of the binder in the electrode with the % uptake: 

𝑊𝑊𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 = %𝑢𝑢𝐴𝐴𝑡𝑡𝑡𝑡𝑢𝑢𝑅𝑅 × 𝑑𝑑𝑟𝑟𝑑𝑑 𝑅𝑅𝑆𝑆𝑡𝑡𝑑𝑑𝑅𝑅𝑟𝑟 𝐴𝐴𝑡𝑡𝑐𝑐𝑐𝑐 

Connected porosity was measured by soaking electrode punches in electrolyte overnight 

and weighing the electrodes before and after soaking.  The total weight gain, wtot, is the difference 

between the electrode weight before and after soaking.  We subtract the mass of electrolyte that 

we expect to be taken up by the binder from wtot to estimate the weight of electrolyte in the 

connected pores, wconnected pores: 

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 −𝑊𝑊𝑏𝑏𝑆𝑆𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑊𝑊𝐶𝐶𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 

We assume that all binder has access to the electrolyte, which we understand may 

overestimate the amount of electrolyte in the binder.  In electrodes where the binder is 

inaccessible to electrolyte due to low porosity, the amount of electrolyte in the binder will be 

overestimated and the connected porosity will be underestimated.  In electrodes where binder is 

more accessible to electrolyte, our assumption will provide a more accurate assessment of 

connected porosity.   
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We then convert the weight of electrolyte in the pores to pore volume using the 

electrolyte density, as follows:  

𝑊𝑊𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 ×
1

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒
= 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒,   𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 = 𝑉𝑉𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖,   𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

And to calculate a fraction of connected pore volume by comparing with total pore volume:  

𝑉𝑉𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖,𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑉𝑉𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒
= % 𝑐𝑐𝑓𝑓 𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑅𝑅𝑐𝑐𝑡𝑡𝑅𝑅𝑑𝑑 𝐴𝐴𝑐𝑐𝑟𝑟𝑅𝑅 𝑅𝑅𝑐𝑐𝑅𝑅𝑢𝑢𝐴𝐴𝑅𝑅 
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Appendix E: Toward Measurement of Lithium-Ion Diffusion Coefficients in Thin Film 

Polymeric Binders 

We aimed to use potentiostatic intermittent titration (PITT) on binder-coated silicon 

wafers to measure lithium-ion diffusion coefficients through polymeric binders.  We created a 

model system for this measurement.  PI is often coated and patterned on Si wafers for use as a 

sacrificial or insulating layer in semiconductor devices and is known to be an effective binder for 

silicon anodes.   

Silicon wafers were purchased from SVMI (Santa Clara, CA) (3” diameter, 250 ± 25 µm 

thickness, <100>, <0.005 Ω cm resistivity, P/Boron doped, single-side polished, back side etched, 

single flat).  We note that 4” wafers are the standard for processing at the Lurie Nanofabrication 

lab and is a more convenient wafer size choice.  We selected a low resistivity wafer to help with 

conductivity concerns between the Si and current collector.  We also chose a very thin wafer 

thickness to further limit any electronic barriers to lithiation. 

Thin films of PI binder were spin-coated onto low resistivity silicon wafers at the ROBIN 

lab, Lurie Nanofabrication Laboratory (LNF) at University of Michigan.  After spin-coating, the 

wafer was soft-baked on a hot plate for 2 minutes at 150°C, so that most the solvent could be 

dried before curing.  The coating was then cured in a vacuum oven purged with nitrogen for 30 

minutes at 350°C.  Coating thicknesses were measured using the Woollam ellipsometer at LNF.  

Then the wafers were diced into 10 x 10 mm squares for assembly into coin cells.   

For the PITT measurement, lithium-metal half cell coin cells were assembled using glass 

fiber separators to prevent silicon wafer cracking during coin cell build.  We succeeded in 

lithiating some uncoated wafers and measured a lithiation depth of approximately 20 nm using 

transmission electron microscopy on a PFIB section of the wafer (imaging work by Tao Ma).   
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Appendix Figure 51. TEM image of silicon wafer that was lithiated in a coin cell and delithiated prior to imaging.  
Top layer = capping layer, middle layer = amorphized silicon (previously lithiated region), bottom layer = crystalline 
silicon wafer. 

However, experimental repeatability was an issue.  Diffusion coefficients obtained via 

PITT had high variation and did not correspond well to published values in literature.  It was also 

difficult to confine the lithiation to the top surface of the silicon wafer.  We hypothesize that 

application of a blocking layer to the sides and back of the silicon wafer could be helpful, as our 

strategy of limiting electrolyte volume resulted in conductivity issues.  Unsurprisingly, lithiation 

of polyimide coated wafers was even more unreliable and difficult due to the low conductivity 

and uncertain uniformity of the polyimide coating. 
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