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Iron-base metal fluorides have been a particular interest as a positive electrode 

material in Li-ion batteries because of their high energy density and lower cost than 

commercial intercalation materials. During lithiation, these materials undergo a 

conversion reaction forming two separate phases, LiF and reduced Fe. Near theoretical 

capacities are reached when these materials are made into nanocomposites. However, 

they experience a capacity fade with low cycling rates. In addition, it is not clear on the 

reaction pathway these materials take during lithiation and delithiation as well as the 

large hysteresis in its cycling profile. This thesis investigate three candidate materials, 

FeF2, FeF3, and FeO0.67F1.33 by looking at the ionic and electronic transport, reaction 

mechanism, and hysteresis and link them to their electrochemical performance. 
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Previous studies indicated a percolated structure of Fe0-LiF forming during 

lithiation. However, there was not quantitative proof that the network of Fe0 was 

electronically supporting. During the course of the study, it was discovered how 

surprisingly high it was conductive that it led to new testing that utilized its conductive 

properties. 

  



iv 

Acknowledgment 

 

 I would like to thank my Ph.D thesis advisor, Prof. Glenn Amatucci for his 

guidance over the past four years. He has not only provided an opportunity to do my 

research but has allowed me to have hands-on experience with a variety of specialized 

instruments at the Energy Storage Research Group (ESRG). From reviewing my 

manuscripts to discussing future work, Prof. Amatucci has been a great mentor to me. 

Words cannot express my gratitude for him and his perseverance for high quality work. I 

would like show my appreciation to my thesis committee members, Prof. Lisa Klein, 

Prof. Stephen Garofalini, and Prof. Martha Greenblatt. 

 I would like to thank the current and past staff members of ESRG, Dr. Aurelien 

Dupasquier, Dr. Nathalie Pereira, Ms. Irene Plitz, Ms. Fadwa Badway, Ms. Anna Halajko, 

Ms. Linda Sung, Mr. John Gural, Mr. Barry Vanning for their support and assistance in 

the research group. I would like to thank the current and past graduate students, Dr. 

William Yourey, Dr. Andrew Gmitter, Dr. Matthew Parkinson, Dr. Kimberly Scott, Mr. 

James Kantor, Mr. Anthony Ferrer, Mr. Joshua Kim, and Mr. Nicholas FaenzaΦ LΩǾŜ 

enjoyed the many discussions we had, friendly and technical. Also thanks to our current 

and past undergraduate students, Charlie, Mike, Sheel, Greg, and Matt. Without their 

help around the lab, most of the research in our group would have taken much longer to 

complete. 

 I would like to extend my gratitude to our talented machinist, J. Gural and B. 

Vanning. Gural helped with the in-situ cell design used for electrochemical lithiation. He 



v 

has machined out parts and even created a small custom contact tab which required 

both delicate work and precision to make. Vanning has helped in both as a machinist 

and an electrician specialist. From making circuit boards or wiring up test leads to 

money weeks long machining out intricate designs on masks for deposition, Vanning has 

the knowledge and skills to perform any tasks. 

I would like to acknowledge my housemates and friends in the Piscataway area, 

Achalanka, Jess, and Joseph, for their encouragement and conversations we had over a 

shared meal. 

I would like to thank my girlfriend, Shanna Li, for standing by me all this time. 

Though we are both dedicated to our own work, we manage to spare some time to 

spend with each other. From the long trips we take to see each other to long 

conversations over the phone, she has helped me along the way. 

I acknowledge the U.S. Government and the Northeastern Center for Chemical 

Energy Storage (NECCES), an Energy Frontier Research Center funded by the U.S. 

Department of Energy, Office of Science, Office of Basic Energy Sciences under Award 

Number DE-SC0001294, for their financial support.  

All work of Chapter 3 was originally puōƭƛǎƘŜŘ ŀǎ ά¢ǊŀƴǎǇƻǊǘΣ tƘŀǎŜ wŜŀŎǘƛƻƴǎΣ 

and Hysteresis of Iron Fluoride and Oxyfluoride Conversion Electrode Materials for 

[ƛǘƘƛǳƳ .ŀǘǘŜǊƛŜǎΣέ WΦ YΦ YƻΣ YΦ aΦ ²ƛŀŘŜǊŜƪΣ bΦ tŜǊŜƛǊŀΣ ¢Φ L. Kinnibrugh, J. R. Kim, P. J. 

Chupas, K. W. Chapman, and G. G. Amatucci. ACS Appl. Mater. Interfaces 2014, 8, 

10858-10869. <http://dx.doi.org/10.1021/am500538b>. Wiaderek, Kinnibrugh, Chupas, 



vi 

and Chapman provided the PDF analysis of the physical structure change of iron (II) 

fluoride during delithiation. Pereira contributed the iron oxyfluoride materials. Kim 

provided EMS electrolytes for high temperature experiments. 

Chapter 4 was submitted to J. Electrochem. Soc. in September, 2014, as 

ά9ƭŜŎǘǊƻƴƛŎ ¢ǊŀƴǎǇƻǊǘ ƛƴ [ƛǘƘƛŀǘŜŘ LǊƻƴ ŀƴŘ .ƛǎƳǳǘƘ CƭǳƻǊƛŘŜΣέ ŀǳǘƘƻǊŜŘ ōȅ WΦ YΦ YƻΣ !Φ 

Halajko, M. F. Parkinson, and G. G. Amatucci. Halajko contributed films made by thermal 

evaporation. Parkinson contributed iron (II) fluoride films during the initial stages of this 

work. 

The work in Chapter 5 has yet to be submitted for publication as of October, 

2014.  M. F. Parkinson contributed iron (II) fluoride films during the initial stages of this 

work. 



vii 

Dedication 

 

  I would like to dedicate this thesis to my parents, Chen and Suk-yee Ko, for their 

love and support to me and my siblings. They have always encouraged us to pursue our 

own career and that they would support us no matter what direction we take. I am 

thankful for the many excuses they come up with to come and visit me. They are always 

worried more about my well-being over their own. Because of this, I would not have 

gotten this far without their help.   



viii 

 Table of Contents 
 
ABSTRACT OF THE DISSERTATION .......................................................................................ii 

Acknowledgement .............................................................................................................. iv 

Dedication .......................................................................................................................... vii 

Table of Contents .............................................................................................................. viii 

List of Tables ........................................................................................................................ x 

List of Figures ...................................................................................................................... xi 

1 Introduction ................................................................................................................. 1 

1.1 Battery Components ............................................................................................ 2 

1.2 Negative electrode ............................................................................................... 5 

1.3 Electrolyte ............................................................................................................ 9 

1.4 Positive Electrode ............................................................................................... 12 

1.5 Intercalation material ......................................................................................... 13 

1.6 Conversion .......................................................................................................... 16 

1.7 Modes of mass transport ................................................................................... 19 

1.8 Cyclic Voltammetry (CV) ..................................................................................... 22 

1.9 Galvanostatic Intermittent Titration Technique (GITT) ..................................... 24 

1.10 Potentiostatic Intermittent Titration Technique (PITT) ..................................... 28 

1.11 Electrochemical Impedance Spectroscopy (EIS) ................................................ 31 

1.12 Overpotential polarization ................................................................................. 37 

1.13 Intrinsic Hysteresis ............................................................................................. 40 

1.14 Percolation Theory ............................................................................................. 43 

1.15 Summary and Organization of Thesis ................................................................ 47 

2 Experimental Techniques .......................................................................................... 50 

2.1 X-ray Diffraction (XRD) ....................................................................................... 50 

2.2 Profilometer ....................................................................................................... 52 

2.3 Electrochemical Characterization ...................................................................... 54 

3 Transport, Phase Reactions, and Hysteresis of Iron Fluoride and Oxyfluoride 
Conversion Electrode Materials for Lithium Batteries ..................................................... 60 

3.1 Introduction........................................................................................................ 60 

3.2 Experimental ...................................................................................................... 63 

3.2.1 Sample Preparation .................................................................................... 63 



ix 

3.2.2 Electrochemical Characterization ............................................................... 63 

3.2.3 Pair Distribution Function (PDF) Analysis ................................................... 67 

3.3 Results ................................................................................................................ 68 

3.3.1 GITT ............................................................................................................. 68 

3.3.2 PITT .............................................................................................................. 71 

3.3.3 Diffusion Coefficients .................................................................................. 80 

3.3.4 Reverse Step PITT ........................................................................................ 83 

3.4 Discussion ........................................................................................................... 93 

3.4.1 PITT and Reaction Mechanisms .................................................................. 93 

3.4.2 Hysteresis .................................................................................................... 98 

3.4.3 Transport ..................................................................................................... 99 

3.5 Conclusions....................................................................................................... 100 

4 Electronic Transport in Lithiated Iron and Bismuth Fluoride .................................. 102 

4.1 Introduction...................................................................................................... 102 

4.2 Experimental .................................................................................................... 105 

4.2.1 Film and sensing electrode fabrication ..................................................... 105 

4.2.2 Physical characterization .......................................................................... 108 

4.3 Results .............................................................................................................. 112 

4.3.1 FeF2 ........................................................................................................... 113 

4.3.2 BiF3 ............................................................................................................ 116 

4.4 Discussion ......................................................................................................... 118 

4.5 Conclusion ........................................................................................................ 121 

5 Tracking Gradient Diffusion in Thin Film FeF2 ......................................................... 123 

5.1 Introduction...................................................................................................... 123 

5.2 Experimental .................................................................................................... 125 

5.3 Results .............................................................................................................. 132 

5.4 Discussion ......................................................................................................... 137 

5.5 Conclusion ........................................................................................................ 138 

6 Future work ............................................................................................................. 139 

7 Summary .................................................................................................................. 141 

8 References ............................................................................................................... 143 

  



x 

List of Tables 

Table 1.1. Voltage and theoretical capacity of some negative electrodes. [2] .................. 9 

Table 1.2. List of conversion and intercalation materials and their theoretical reduction 
potential vs. Li, gravimetric capacity (mAh/g), gravimetric energy density (Wh/kg), 
volumetric capacity (Ah/L), and volumetric energy density (Wh/L). BiF3 has two different 
phases: orthorhombic (o-BiF3) and hexagonal tysonite phase (T-BiF3). [28] ................... 17 

Table 1.3. Circuit elements used to model EIS spectra. ................................................... 34 

Table 3.1. Diffusion coefficient of FeF2, FeF3, FeO0.67F1.33 extracted from PITT and EIS 
characterization. ............................................................................................................... 83 

Table 3.2. Reverse step PITT of FeF2, FeF3, FeO0.67F1.33 at various capacities. Note: 
Duplicate cells are reported to show reproducibility ....................................................... 87 

Table 3.3. Table of calculated reaction hysteresis. ........................................................... 87 

Table 4.1. Theoretical and measured conductivity of Fe and Bi thin film metals. 
Conductivity measurements shown were taken using 4 point probe at 2 mA, 2-electrode 
polarization at 20 mV and through EIS. .......................................................................... 113 

Table 4.2. Electronic conductivity measurements for lithiated FeF2. Films were 
chemically lithiated using n-butyllithium. A 209 nm film was electrochemically lithiated 
to 1.3 V vs. Li/Li+. ............................................................................................................. 115 

¢ŀōƭŜ пΦоΦ [ƛǎǘ ƻŦ ŎƘŜƳƛŎŀƭ ǊŜŀŎǘƛƻƴ ŦƻǊƳǳƭŀǎ ŀƴŘ DƛōōΩǎ ŦǊŜŜ ŜƴŜǊƎȅ ƻŦ ŦƻǊƳŀǘƛƻƴΦ ..... 117 

Table 4.4. Conductivity measurement for lithiated BiF3. Films were chemically lithiated 
with n-butyllithium. ........................................................................................................ 118 

Table 4.5. Volume percent in converted FeF2, FeF3, and BiF3. ..................................... 119 

Table 5.1. Individual diffusion coefficient calculations for each probe pairs. Some pairs 
are not shown because of noisy data. ............................................................................ 136 

  



xi 

List of Figures 

Figure 1.1. Comparison of different secondary batteries in terms of volumetric and 
gravimetric energy density. Reprinted by permission from Macmillan Publishers Ltd: 
[Nature] Ref. [1], Copyright (2001). .................................................................................... 2 

Figure 1.2. A typical electrochemical cell. Adapted from Solid State Ionics, 179, P. G. 
Bruce, Energy storage beyond the horizon: Rechargeable lithium batteries , 752-760, 
Copyright (2008), with permission from Elsevier. [3] ......................................................... 3 

Figure 1.3. Lithium stack between the graphene layers. Adapted with permission from 
Ref. [14]. .............................................................................................................................. 8 

Figure 1.4. Illustration of the structural change during lithiation/delithiation in 
Intercalation and conversion compounds. Reprinted from Journal of Fluorine Chemistry, 
128, G. G. Amatucci, N. Pereira, Fluoride based electrode materials for advanced energy 
storage devices, 243-262, Copyright (2007), with permission from Elsevier. [18] .......... 13 

Figure 1.5. Structure of common positive intercalation electrodes materials. (a) layered, 
(b) spinel, (c) olivine. (a) and (b) were adapted with permission from Ref. [19]. Copyright 
(2011) American Chemical Society. (c) was made in VESTA software. ............................ 14 

Figure 1.6. Typical voltage profiles of FeF2, FeF3, and FeOF. ............................................ 18 

Figure 1.7. Illustration of conversion example of FeF2. Because of the network of Fe 
formed during lithiation, electrons can travel to non-lithiated regions. Adapted with 
permission from Ref. [35]. Copyright (2014) American Chemical Society. ...................... 19 

Figure 1.8. Example of flow battery. Electron transfer occur at the flow battery stack. 
Pumps are utilized to refresh the stack with fresh anolyte and catholyte from storage 
tanks. Adapted with permission from Ref. [37]. ............................................................... 20 

Figure 1.9. (a) 1 complete cyclic potential sweep. (b) Example of a cyclic voltammogram 
with one reaction mechanism. Adapted with permission from Ref. [39]. ....................... 24 

Figure 1.10. Current and voltage response of a single GITT step. Reproduced by 
permission of The Electrochemical Society. [41] .............................................................. 28 

Figure 1.11. Current response of a single PITT step. ........................................................ 31 

CƛƎǳǊŜ мΦмнΦ ¢ƘŜ ŎǳǊǊŜƴǘ ǊŜǎǇƻƴǎŜ ǘƻ ŀ ǾƻƭǘŀƎŜ ǎǿŜŜǇ ƛǎ ǎƘƛŦǘŜŘ ōȅ ˒Φ wŜǇǊƛƴǘŜŘ ǿƛǘƘ 
permission from Ref. [45]. ................................................................................................ 36 

Figure 1.13. Lissajous Figure is formed from both current and voltage components. 
Reprinted with permission from Ref. [45]. ....................................................................... 36 



xii 

Figure 1.14 An illustration of Randles circuit. Adapted with permission from Ref. [35]. 
Copyright (2014) American Chemical Society. ................................................................. 37 

Figure 1.15. Cell potential profile as a function of current. There is a greater potential 
loss with increasing current. Reproduced with permission from Ref. [2]. ....................... 38 

Figure 1.16. Chemical potential profile of LiFePO4 in a single particle case. Blue curve 
assume no phase transition. Red curve is the expected pathway for a single particle with 
a phase transformation. Adapted by permission from Macmillan Publishers Ltd: Nature 
Ref. [50], Copyright (2010). ............................................................................................... 43 

Figure 1.17. Chemical potential profile in a many particle case. (a) assumes only 10 
particles involved. (b) assumes only 1,000 particles involved. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Ref. [50], Copyright (2010). ............................... 43 

Figure 1.18. Example of site percolation in a square lattice. Black squares are considered 
filled positions Adapted with permission granted by Wolfram Companies, 
www.wolfram.com, Ref. [57] ............................................................................................ 46 

Figure 1.19. Example of bond percolation. Adapted with permission granted by Wolfram 
Companies, www.wolfram.com, Ref. [57] ........................................................................ 47 

Figure 1.20. Schematic diagram of the coƴŘǳŎǘƛǾƛǘȅ όˋύ ŀǘ ŘƛŦŦŜǊŜƴǘ ǾƻƭǳƳŜ ŎƻƳǇƻǎƛǘƛƻƴǎ 
(x). xc is the critical volume fraction in which metal particles for a conductive network. 

M̀ is the conductivity of pure metal................................................................................. 47 

Figure 2.1. Illustration of X-Ǌŀȅ LƴŎƻƳƛƴƎ ōŜŀƳ ōŜƛƴƎ ǊŜŦƭŜŎǘŜŘ ŀǘ ŀƴƎƭŜ ʻΦ .................... 52 

Figure 2.2. Components of X-ray Diffractometer. ............................................................ 52 

Figure 2.3. Components of profilometer. ......................................................................... 54 

Figure 2.4. Macpile unit contain 16 channels used for testing cells. Ch. 1-8 is for 
galvanostatic tests and Ch. 9-16 is for potentiostatic tests. ............................................. 55 

Figure 2.5. Arbin BT2043 can contain up to 64 channels. Wires from the Arbin unit (a) 
lead to a temperature control refrigerator in (b) where channels are separated from 
each other with shelves. ................................................................................................... 56 

Figure 2.6. Solartron SI 1287 and SI 1260 used for EIS and DC polarization. ................... 57 

Figure 2.7. Typical current profile of DC polarization. The ionic component will be 
blocked at the electrodes leaving only the electronic component. ................................. 58 

Figure 2.8. VMP instrument containing 16 interchangeable boards................................ 59 



xiii 

Figure 3.1. An Illustration of Randles circuit. .................................................................... 65 

Figure 3.2. GITT of FeF2τC nanocomposites, 7.5 mAh/g with 1h cutoff follow by 5 h 
open circuit relaxation at 25 °C. ....................................................................................... 68 

Figure 3.3. GITT of FeF2τC nanocomposites during lithiation  at various temperatures, 
7.5 mAh/g with 1h cutoff follow by 5h open circuit. Shown at x=0.25 in LixFeF2. 1M LiPF6 
in EC:DMC was used at 25 °C and 60 °C  while 1M LiBF4 in EMS was used at 60 °C and 
100 °C. ............................................................................................................................... 70 

Figure 3.4. Fit of the relaxation curve of FeF2τC nanocomposites GITT at 60 °C at x=1 in 
LixFeF2. Electrolyte was LiBF4 in EMS. ............................................................................... 71 

Figure 3.5. First PITT cycle of FeF2τC nanocomposites, 10 mV step 0.4 mA/g current 
cutoff at 25 °C. .................................................................................................................. 73 

Figure 3.6. First and second PITT discharge of FeF2τC nancomposites, 10 mV step 0.4 
mA/g current cutoff at 25 °C. ............................................................................................ 73 

Figure 3.7. First PITT cycle of FeF3τC nancomposites, 10 mV step 0.4 mA/g current 
cutoff at 25 °C. .................................................................................................................. 75 

Figure 3.8. First and second PITT discharge of FeF3τC nanocomposites, 10 mV step 0.4 
mA/g current cutoff at 25 °C. ............................................................................................ 76 

Figure 3.9. First PITT cycle of FeO0.67F1.33τC nanocomposites, 10 mV step 0.4 mA/g 
current cutoff at 25 °C. ..................................................................................................... 77 

Figure 3.10. First and second PITT discharge of FeO0.67F1.33τC nanocomposites, 10 mV 
step 0.4 mA/g current cutoff at 25 °C. .............................................................................. 78 

Figure 3.11. Voltage profile of x in LixFeF3, LixFeF2, and LixFeO0.67F1.33 taken from: (a) EIS 
and (b) PITT analysis. ........................................................................................................ 80 

Figure 3.12. Typical Reverse step PITT voltage profile during lithiation. V1, V2, and V3 are 
voltages at: initiation of reverse step PITT, the current decay to 0.4 mA/g, and the point 
where the cell is unable to discharge 3 mAh/g within 18 hours in a single step. ............ 84 

Figure 3.13. Reverse step PITT of FeF2 with its normal PITT overlay for capacities, the 
reverse step PITT portion are indicated with circle: (a) 100 mAh/g (x=0.35), (b) 200 
mAh/g (x=0.70), (c) 450 mAh/g (x=1.58). ......................................................................... 89 

Figure 3.14. Reverse step PITT of FeF3 with its normal PITT overlay for 290 mAh/g (x = 
1.22) in the conversion region, the reverse step PITT portion is indicated with circle. ... 91 



xiv 

Figure 3.15. Reverse step PITT of FeO0.67F1.33 with its normal PITT overlay for capacities, 
the reverse step PITT portion are indicated with circle: (a) 198 mAh/g (x = 0.68) in the 
insertion region, (b) 290 mAh/g (x = 0.99) in the conversion region. .............................. 92 

Figure 3.16. PDFs modeled for the LiF rocksalt components for the lithiated and 
delithiated electrodes showing the larger lattice parameter for this phase during 
delithiation. The refined lattice parameters for these phases are inset. ......................... 95 

Figure 4.1 {ŎƘŜƳŀǘƛŎ ƻŦ ǘƘŜ [ƛC  CŜ0 bi-continuous network that is formed during 
lithiation. ......................................................................................................................... 104 

Figure 4.2. Schematic of IDE designs consisting of titanium deposited onto a glass slide 
with a conductive thin film on top: a) 4-point probe IDE b) 2-point probe IDE. ............ 105 

Figure 4.3. Illustration of a basic 2-electrode design also utilized for conductivity 
measurements. ............................................................................................................... 107 

Figure 4.4. Equivalent circuit used for conductivity calculations for 2-point probe IDE. Rb, 
Rc, and Rd contain smaller sections of the IDE that are in parallel with each other. 
Placement of the Au probes is shown as circles. ............................................................ 112 

Figure 4.5. XRD scan of FeF2 IDE after chemical lithiation. ............................................. 113 

Figure 4.6. XRD scan of BiF3 IDE after chemical lithiation. ............................................. 116 

Figure 5.1. 1-dimensional diffusion in a) a simple bar, b) film with a gradient thickness. 
The concentration at x=0 remains constant during diffusion. ....................................... 125 

Figure 5.2. Schematic of FeF2 gradient film. A total of 12 Ti line probes are evenly spaced 
out on the glass slide with the exception of the 6th and 7th probe where there is a larger 
gap. Resistance is measured between Ti line probes ..................................................... 126 

Figure 5.3. Illustration of the position of the substrate holder during the deposition of: 
(a) Ti, (b) FeF2. ................................................................................................................. 128 

Figure 5.4. Illustration of the glass slide holder used for chemical lithiation................. 129 

Figure 5.5. Resistance profile of gradient film. ............................................................... 132 

Figure 5.6. Plot of the overall increase in conductivity as n-butyllithium percolates 
further into the film. ....................................................................................................... 133 

Figure 5.7. (a) Log(R) vs log(t) plot for individual probe sets. The diffusion coefficient for 
each probe set was determined by the fitting the linear region as shown in (b). ......... 135 



xv 

Figure 5.8. Plot of probe pairs in sequence and their fitted time to complete lithiation. 
The fitted slope was used to determine the diffusion coefficient: 8.6048 x 10-21 cm2/s.
......................................................................................................................................... 136 



1 
 

 

1 Introduction 

 With the increase of telecommunications, portable electronics have been 

incorporated to daily life. Tablets and phones enable access to information on the World 

Wide Web without being tethered to any single location. With higher demand in 

portable electronics, there have been higher specification requirements: faster 

processor, bigger screen, more memory, and longer battery life. None of these 

technologies can be achieved without a medium to store usable energy. Rechargeable 

secondary batteries have been the choice over primary batteries because of their life-

cycle cost ($/kWh) and higher power output (W). One of the famous secondary battery 

that is still used in automotive is the lead-acid battery developed by Raymond Faston 

Planté in 1860. Li-ion batteries have risen because their higher energy density and 

higher cell voltage. As shown in Figure 1.1, lithium-ion batteries are light weight and 

small size compare to other secondary batteries. Li metal batteries are rarely used as 

secondary batteries because of safety issues as it would be explain later. In addition, Li-

ion batteries have a longer shelf life with up to 5 ς 10 years as oppose to conventional 

rechargeable (3 - 6 months). [1] [2] 



2 
 

 

 

Figure 1.1. Comparison of different secondary batteries in terms of volumetric and 
gravimetric energy density. Reprinted by permission from Macmillan Publishers Ltd: 
[Nature] Ref. [1], Copyright (2001). 

 Battery Components 1.1

 A battery is the energy storage device that converts chemical energy to usable 

electrical energy through electrochemical oxidation-reduction (redox) reactions. It 

contains several electrochemical cells that are connected in series/parallel to increase 

the operating potential or increase capacity of the battery. 

 Electrochemical cells consist of an anode and cathode electrode that is 

separated by a separator and electrolyte. Anode is where oxidation occurs and electrons 

flow out. Cathode is where reduction occurs, electrons flow into the cathode where the 

reactant is reduced. The electrolyte is an ionic conductor but electronically insulating 
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material and most importantly, nonreactive with either anode or cathode. Typically, it is 

a liquid with dissolved salts, acids, or alkalis and is soaked in a separator that also 

separates the anode from the cathode. Alternatively, there are solid electrolytes that do 

not require a separator. Under normal operation, electrons and ions separate from the 

reactant and ions flow through the electrolyte while electrons travel through an 

external circuit. In a galvanic cell when the cell is under a load, the negative electrode is 

the anode and the positive electrode is the cathode. In an electrolytic cell the roles are 

reverse, as electrons are driven in the opposite direction, the positive electrode is the 

anode and the negative electrode is the cathode. Figure 1.2 is an example of an 

electrochemical cell.  

 

Figure 1.2. A typical electrochemical cell. Adapted from Solid State Ionics, 179, P. G. 
Bruce, Energy storage beyond the horizon: Rechargeable lithium batteries , 752-760, 
Copyright (2008), with permission from Elsevier. [3] 



4 
 

 

 In this depiction, a Li-ion cell is under a load and the anode is LixC6 Graphite and 

LiCoO2 is the cathode. The reaction mechanism is as follows: 

ὒὭὅᴼὒὭ ὅ ὼὒὭ ὼὩ    Anode 

ὒὭ ὅέὕ ὼὒὭ ὼὩ ᴼὒὭὅέὕ  Cathode 

ὒὭὅ ὒὭ ὅέὕ ᴼὒὭ ὅ ὒὭὅέὕ  Overall 

In secondary batteries, an electrode can be the anode and cathode depending on if the 

cell is charging or discharging. Thus, they are referred as the negative and positive 

electrode, where the negative and positive electrode are the anode and cathode 

respectively during discharge. The standard potential of a cell is determine by the active 

materials. Gibbs free energy (G) is related to the cell potential by the following 

equation: 

 

ɝὋ ὲὊὉ  (1.1) 

 

G0 is the free energy at standard state, n is the number of moles of electrons transfer, F 

ƛǎ CŀǊŀŘŀȅΩǎ ŎƻƴǎǘŀƴǘΣ ŀƴŘ 90 is the cell potential in which there is no current flow. A 

positive cell potential will have a negative change in Gibbs free energy. When E0 is 

positive, the reaction is spontaneous in which when a load is applied, useable energy 

can be extracted from the cell. When E0 is negative, the reaction is non-spontaneous. 

This is base off of the free energy potential for any given reaction: [2] 
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ɝὋ ὙὝὰὲ
ὥ

ὥ
 (1.2) 

 

R is the universal gas constant, T is the absolute temperature, ὥ is the active of species 

that when ɲD0 is negative, the reaction will push forward to for products without the 

ƴŜŜŘ ƻŦ ŜȄǘǊŀ ŜƴŜǊƎȅΦ ²ƘŜƴ ɲD0 is positive, work will need to be put into the system to 

drive the reaction forward. In a battery, ɲD0 is determined by the half-cell reactions in 

both the anode and cathode. As an example, consider a Daniell cell consisting of 2 half 

cells where copper cathode and zinc anode metal electrodes are immersed in a solution 

of copper sulfate and zinc sulfate respectively. The cell potential is found as such: 

ὤὲ ᴼὤὲ ςὩ   G=-147.005 kJ (0.7618 V) Anode 

ὅό ςὩ ᴼ ὅό   G=-65.610 kJ (0.340 V) Cathode 

ὤὲ ὅό ᴼὤὲ ὅό  G=-212.615 kJ (1.1018 V) Overall 

 Negative electrode 1.2

 Ideally lithium metal would be use as the positive electrode to use in a lithium 

battery. It is the lightest and most electropositive. However lithium is an alkali metal 

which is highly reactive and flammable. This makes it a huge safety concern when used 

in a battery thus have been limited to coin cells for low power portable electronics and 

primary batteries. Another concern is its reactivity with the electrolyte and 

morphological changes during charge and discharge. When lithium is deposited onto the 

negative electrode during charge, it forms a mossy and sometimes dendritic structures 
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on the surface of the electrode. This is caused by the random orientation of the particles 

and non-uniformity charge distribution. This formation will increase the surface area 

which will increase the non-uniformity of the electrode. After several cycles of lithium 

stripping and replating, these structures break off and become isolated. In other cases, 

it can grow until it touches the positive electrode causing a short-circuit in the battery. 

Instead of electrons flowing through the external circuit, it flows through the electrolyte 

and directly to the positive electrode. Heat is generated and can cause the battery to 

expand through gaseous reactions or catch on fire. As lithium is being consumed during 

discharge, new lithium surfaces are exposed and are then passivated with a mossy layer 

film during charge when lithium is redeposited onto the surface. The mossy layer that 

forms makes some of the lithium areas electrochemically inert. Thus, 3 ς 5 times of the 

normal amount of lithium is required to maintain decent cyclability. [2] Despite these 

shortcomings, much research is devoted in preventing the formation of dendrites. N. 

Balsara developed a polyethylene oxide (PEO) based copolymer electrolyte that is hard 

enough to mechanically stop dendrite growth. [4] However, the electrolyte needed to 

be at elevated temperature in order to get acceptable conductivities. Ding et al. 

proposed a self-healing electrostatic shield (SHES) to prevent dendritic growth using a 

non-Li additive. [5] By applying a potential higher than the reduction potential of the 

additive but slightly lower than Li, the additive will absorb onto the dendrite tip 

essentially shielding it from Li deposition. However, this is has a limited current rate. 

High applied current may induce a large voltage drop which may cause both additive 

and Li-ions to deposit onto the surface reducing the effectiveness. [6] 
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 Lithiated carbon (LiC6) has been the safe alternative negative electrode for 

lithium-ion batteries. Lithium ions (Li-ions) are still used but under the idea of the 

άǊƻŎƪƛƴƎ-ŎƘŀƛǊέ ƳŜǘƘƻŘΦ [7] The electrodes would contain structures that can 

accommodate Li-ions and that no lithium metal is ever formed at either site. Its 

chemical potential is nearly the same as lithium metal. Thus, the electrochemical cell 

will be able to maintain the same high open-circuit voltage without much compromise. 

Graphitic carbons can accommodate one lithium atom to 6 carbons atoms and will stack 

interplanar to graphene sheets, as shown in Figure 1.3. It also have a small volume 

change (<9%) when fully lithiated. This is beneficial to a cell by providing minimal 

expansion and contraction. An electrode with a large volume change can cause huge 

amounts of stress and strain on the material during cycling. This can lead to particle 

fracture which is a loss in capacity and ultimately battery failure. In addition to graphitic 

carbons, there are carbon materials that are non-graphitic with different crystallinity. 

Generally there are two main types: soft carbons and hard carbons. Soft carbons are 

considered to have relatively low crystallinity such as carbon black and acetylene black. 

These are formed from heat-treating petroleum and coal. Coke-type carbons are soft 

carbons with intermediate crystallinity. Because of the low ordering these materials 

they cannot accommodate the same amount of lithium as graphitic carbons. Thus, their 

theoretical capacities are generally lower. However, they can be doped with nitrogen, 

boron, or phosphorus which will increase their capacities to the same level as graphitic 

carbons. Hard carbons such as glassy carbon are made from heat-treating organic 

polymer materials. They have been shown to have higher capacities than graphitic 
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carbons. [8] Several models were proposed to explain this increase of capacity. Some 

suggested the lithium is being absorbed on both sides of the graphene sheet, or that Li-

ions are accumulating at the edges and surfaces. Another difference with hard carbons 

is that is has a sloping voltage profile from 1 V to 0 V instead of a flat profile from 0.3 V 

to 0 V as seen with other carbon materials. This can greatly lower the overall potential 

of the cell. In addition, it has a high irreversible loss in capacity and a risk of lithium 

metal depositing on the surface during charge. [9] Regardless, one of the major 

advantages is that it can be used with propylene carbonate (PC) which normally would 

lead to gas formation around 1 V in graphitic carbon. [7] In all cases of lithiated carbon, 

there is a irreversible loss on the first cycle which can vary between carbon type. [10] 

This is from electrolyte decomposition and forming a solid electrolyte interface (SEI) 

layer. After this layer is formed, the second and subsequent cycles remain the same 

giving a near 100% reversibility.  One of the major issues of using lithiated carbon is its 

small capacity compare to lithium metal (Table 1.1). This has led many researchers into 

developing a safer yet high capacity negative electrode. [11] [12] [13] 

 

Figure 1.3. Lithium stack between the graphene layers. Adapted with permission from 
Ref. [14]. 
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Negative electrode material Voltage range vs lithium (V) Theoretical capacity (Ah/g) 

Li metal 0.0 3.86 

Li0.5C6 (coke) 0.0-1.3 0.185 

LiC6 0.0-0.1 0.372 

Table 1.1. Voltage and theoretical capacity of some negative electrodes. [2] 

 Electrolyte  1.3

 Choosing a good electrolyte is important in a lithium-ion battery as it provides a 

medium for ions to flow through but block electrons. A decent electrolyte should have 

the following characteristics [2] [14]: 

¶ Good ionic conductivity (> 10-3 S/cm) to lower ohmic polarization 

¶ A lithium ion transference number approaching unity to limit concentration 

polarization 

¶ Large voltage stability range to prevent electrolyte decomposition 

¶ Thermal stability  

¶ Non-reactive to other cell components 

¶ Low vapor pressure 

 In addition, it would be ideal that they are low toxicity and low cost. Because 

lithium is reactive to water, nonaqueous electrolytes are used. In addition, they have 
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better charge retention and have a larger range temperature change then aqueous 

electrolyte. Some nonaqueous solvents used in electrochemistry are as follows [9]: 

1. Ethers 

Diethyl ether, dimethoxyethene, tetrahydrofuran, and 1-3 dioxolane. 

2. Esters 

methyl formate, methyl and ethyl acetate. 

3. Alkyl carbonates 

Cyclic carbonates such as ethylene and propylene carbonate, as well as linear 

carbonates such as dimethyl and diethyl carbonate. 

4. Inorganic Solvents 

Sulfer oxide, thionychloride, and sulfuryl chloride. 

5. Miscellaneous 

Acetonitrile, nitromethane, dimethyl sulfoxide, and sulfolane. 

 2, 4, and 5 are typically ignored because of the limited electrochemical windows, 

electrode surface reactivity, and the lack of electrode passivity. Ethers are also a 

problem because they tend to oxidize at low potentials. Alkyl carbonates have been the 

most promising solvent. They are chosen because of their acceptable anodic stability 

above 5 V. This is important as positive electrode such as LiNiO2, LiCoO2, and LiMn2O4 

may reach to 4.5 V. A typical electrolyte is LiPF6 salt dissolved in a mixture of ethylene 

carbonate and dimethyl carbonate (EC and DMC). EC has a high dielectric constant 

which is beneficial in dissolving lithium salts. However, it also has a high viscosity which 
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can have a negative impact on ionic conductivity as it puts resistance in ion mobility. 

Thus, it is mix with DMC which has a low viscosity and a lower melting temperature. [2] 

[15] The transport of ions can be express as the transport (t+) and transference (T+) 

numbers. In reality, transport number is not normally used as it only determines the net 

charge carried by the cation (Li+) over the total charge carried by both cations and 

anions. Transference number takes into account the amount of drag on ion mobility. 

This is determined by the following equation: 

 Ὕ
Ὑ

Ўὠ
Ὅ Ὑ

 (1.3) 

Where R0 ƛǎ ǘƘŜ ōǳƭƪ ǊŜǎƛǎǘŀƴŎŜΣ ɲV is the polarization voltage, Ὅ is steady state current 

after polarization, and Rct is the charge-transfer resistance. [16]  

 In addition, temperature also affects ionic conductivity. Vogel-Tamman-Fulcher 

(VTF) type equation is used to determine conductivities of solvents at different 

temperature ranges [16]: 
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(1.4) 

Where K is conductivity, A is a constant, T is temperature, Ea is the activation energy, R is 

the gas constant, and T0 is the glass transition temperature. The plot usually shows a 

convex shape with increasing temperature. Though higher temperatures increase 

conductivity, it is important to note that all materials in the electrochemical cell must be 

thermally stabile at those temperature ranges. [17] 
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 Positive Electrode 1.4

 Most commercial batteries typically contain intercalation materials (LiCoO2, 

LiNiO2, LiMn2O4) as a positive electrode of a secondary battery. On discharge, lithium is 

inserted into the host structure without changing its crystal structure. Even though their 

lattice may expand from insertion, their structure remains the same. While they provide 

ŜȄŎŜƭƭŜƴǘ ǊŜǾŜǊǎƛōƛƭƛǘȅΣ ǘƘŜȅ ŜȄƘƛōƛǘ ŀ ƭƛƳƛǘŜŘ ŎŀǇŀŎƛǘȅΦ !ǘ άǘǊǳŜέ ǘƘŜƻǊŜǘƛŎŀƭ ŎŀǇŀŎƛǘȅΣ ǘƘŜ 

structure only allows one electron transfer per transition metal. In addition, the amount 

of accessible energy is only a fraction of its true capacity. On the other hand, conversion 

materials can have up to four times the typical capacity found in intercalation materials 

ōȅ ǳǘƛƭƛȊƛƴƎ ŀƭƭ ƻŦ ǘƘŜ ƳŜǘŀƭΩǎ ǊŜŘƻȄ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ǊŜŘǳŎƛƴƎ ƛǘ ǘƻ ƛǘǎ ǇǳǊŜ ƳŜǘŀƭ ǎǘŀǘŜΦ 

Unlike intercalation materials, lithium is reacts with the host material to for two new 

phases during discharge, a lithium salt and a reduced metal. Both types of cathodes are 

depicted in Figure 1.4. [18] 
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Figure 1.4. Illustration of the structural change during lithiation/delithiation in 
Intercalation and conversion compounds. Reprinted from Journal of Fluorine 
Chemistry, 128, G. G. Amatucci, N. Pereira, Fluoride based electrode materials for 
advanced energy storage devices, 243-262, Copyright (2007), with permission from 
Elsevier. [18] 

 Intercalation material  1.5
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Figure 1.5. Structure of common positive intercalation electrodes materials. (a) 
layered, (b) spinel, (c) olivine. (a) and (b) were adapted with permission from Ref. [19]. 
Copyright (2011) American Chemical Society. (c) was made in VESTA software. 

 There are three main types of intercalation compounds utilized commercially: 

layered (LiCoO2, LiNiO2), spinel (LiMn2O4), and olivine (LiFePO4). Crystal structures of all 

three can be seen in Figure 1.5. Layered structures have planes of alternating lithium-

cation sheets and metal oxide-anion sheets. The structure proves a reversible insertion 

and removal of Li-ions easily from the planes. LiCoO2 is an attractive material because of 

the strong covalently bonded CoO2 layers that provide fast lithium-ion diffusion. In 

addition, the edges that the CoO6 octahedrals share allow Co-Co interaction which 

provides good electronic mobility. This allows the material to achieve high current rate 

potentials. Co has a high oxidization level which allows LiCoO2 to achieve a high 

chemical potential. However, only half of the theoretical capacity of LiCoO2 could be 

utilized. Cobalt is expensive and toxic. This can become difficult when looking to scale-

up for large battery applications such as electric vehicles. Furthermore, LiCoO2 can 

decompose and generate oxygen at elevated temperatures. This can be a concern as it 

will react with organic electrolyte generating heat and combust. [20] [21] 
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 In the interest on finding inexpensive and environmentally benign materials, 

LiMn2O4 spinel stood out as a possible candidate. Its operating voltage is higher than 

LiCoO2 (4 V) and is more stable as little oxygen is produce during decomposition at 

elevated temperatures. [21] Its practical capacity is similar to LiCoO2. The strong edge-

shared octahedral Mn2O4 allows lithium to be inserted and extracted at the tetrahedral 

site without the collapse of the structure.  It is possible to insert a second lithium atom 

into the structure effectively making a disorder tetragonal Li2Mn2O4 that occurs at 3 V vs 

Li. Because of this phase change, this causes a 16% increase in the c/a ratio. [22] This 

large anisotropic change would make it difficult to maintain structural integrity. As a 

result, LiMn2O4 has a high capacity fade from repeated charge and discharge cycles past 

the 3 V region. [9] Thus cycling is limited to the 4 V region. Even so, LiMn2O4 is still 

susceptible to capacity loss. Some have suggested that the loss is from the dissolution of 

Mn2+ into the electrolyte after disproportionation of Mn3+ into Mn2+ and Mn4+. [23] An 

analysis of the electrolyte after cycling at 50 °C concluded that 34% of the capacity fade 

was due to dissolution. [24] Another possible explanation is the formation of Li2Mn2O4 

on the surface of the electrode from non-equilibrium cycling. [25] 

 LiFePO4 was reported as a new class of materials for lithium and lithium-ion 

batteries known as phospho-olivine. It has a theoretical capacity of 170 mAh/g and is 

low cost. It is also known to not produce any oxygen at elevated temperature which 

makes it very safe. [21] Though its operating voltage is lower than LiCoO2 and LiMn2O4 

(3.45 V), its voltage profile is very flat. This indicates a two-phase reaction occurring 

where LiFePO4 (triphylite) transform into FePO4 (heterosite). Initially, LiFePO4 have been 
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reported to have poor rate capabilities and poor capacity. Even at low current rates, 

only 0.6 Li/mol was reversible. [26] This was because of the low electronic conductivities 

in both in the triphylite and heterosite. [1] It was later discovered that by reducing the 

particle size to the nanoscale and the addition of carbon, sufficient capacities and 

current rates could be reached. Reducing the particle size would also lower the diffusion 

length through the solid for both ions and electrons. Carbon is also known have 

excellent electronic properties. Comparing to other intercalation materials, LiFePO4 is 

less dense than layered or spinel materials. Along with a low chemical potential, LiFePO4 

has a low energy density. [27] 

 Conversion 1.6

 Though improvements in intercalation materials have been made over the years, 

they are limited to their redox activity. Thus, conversion materials have been 

investigated to improve energy densities. Table 1.2 is a comparison of electrochemical 

properties between intercalation and conversion materials. 
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Table 1.2. List of conversion and intercalation materials and their theoretical reduction 
potential vs. Li, gravimetric capacity (mAh/g), gravimetric energy density (Wh/kg), 
volumetric capacity (Ah/L), and volumetric energy density (Wh/L). BiF3 has two 
different phases: orthorhombic (o-BiF3) and hexagonal tysonite phase (T-BiF3). [28] 

 Fluorides, specifically iron-based, have been a main focus in the Energy Storage 

Research Group (ESRG) because of its low cost and relatively low toxicity. [29] [30] [31] 

Compare to other conversion materials, fluorides have a high ionic M-F bonds allow 

higher reduction potentials around or even above 2 V. This is a great contrast to oxides, 

sulfides, nitrides, and phosphides where their observed potentials are below 1.5 V. [32] 

Figure 1.6 shows typical voltage of three iron-based fluorides that are of interest: FeF2, 

FeF3, and FeOF. FeF2 is looked at because it is a Fe2+ in a rutile structure, representative 

of most 3d transition metal difluorides, with a simple voltage profile, FeF2 Ҍ н[ƛ ҭ н[ƛC Ҍ 

Fe0 with a theoretical capacity of 571mAh/g. On the other hand, FeF3 is noticed because 

of its Fe3+ in a ReO3 type structure allowing up to three electron transfers resulting in a 

theoretical capacity of 712 mAh/g. The voltage profile show lithium insertion at higher 
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voltage, FeF3 Ҍ [ƛ ҭ [ƛCŜC3 before full conversion at lower voltage , LiFeF3 Ҍ н[ƛ ҭ о[ƛC 

+ Fe0 . As a hybrid between these two materials, FeOF is of interest since it is a Fe3+ in a 

rutile type structure and oxygen is introduced as an anion creating a degree of 

covalency of the Fe bond. If fully converted into Fe0 + LiF + Li2O, FeOF can provide a 

theoretical capacity of 885 mAh/g. Near theoretical capacities were first enabled though 

the use of carbon-metal fluoride nano-composites (CMFNCs). [30]  

 

 

Figure 1.6. Typical voltage profiles of FeF2, FeF3, and FeOF. 

 

 The carbon matrix allowed electrons to move freely through the highly insulative 

cathode. The nano-size particles increased the amount of surface area in contact with 

both electrolyte and the carbon matrix. Despite forming these nanocomposites, it is 

believed these conversion materials are limited by the mobility of the Li+ ions to move 
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to unreacted sites. Electrons may not be as limited because of the conductive network 

that is formed when the transition metal is reduced, although there is no experimental 

verification of this. This allows an electronic pathway for electrons to move to unreacted 

sites as illustrated in Figure 1.7 for FeF2. [33] [34] In addition, the capacities of all iron 

compounds can only be achieved under low C-rates. One of the goals in this thesis is to 

determine conductivity and gain some insight into this percolated network. 

 

Figure 1.7. Illustration of conversion example of FeF2. Because of the network of Fe 
formed during lithiation, electrons can travel to non-lithiated regions. Adapted with 
permission from Ref. [35]. Copyright (2014) American Chemical Society. 

 Modes of mass transport 1.7

 In electrochemistry, there are three modes of mass transportation: migration, 

convection and diffusion. Migration is the movement of ions from an electrical gradient. 

In most electrochemical systems this is eliminated by adding supporting electrolyte. This 

reduces the potential gradient to zero and eliminate the electric field which causes 

migration. The supporting electrolyte can now carry the current with negligible 

migration. Convection is mass transport by gross physical movement such as stirring. 

This type of mass transport is helpful in increasing the flow of electroactive species to 

reaction sites. Some examples where convection is utilized in batteries in zinc/air 



20 
 

 

systems where the circulation of electrolyte helps prevent dendritic growth of zinc on 

the electrode which can cause a short-circuit and battery failure. [36] In flow batteries, 

pumps are utilized to circulate the anolyte and catholyte through the flow battery stack 

to allow more reactant to be consumed without having to build a larger battery stack 

(Figure 1.8). [37] 

 

 

Figure 1.8. Example of flow battery. Electron transfer occur at the flow battery stack. 
Pumps are utilized to refresh the stack with fresh anolyte and catholyte from storage 
tanks. Adapted with permission from Ref. [37]. 

 Lastly there is diffusion, the most studied means of mass transportation. 

Diffusion is the movement of a substance under the influence of a concentration 

ƎǊŀŘƛŜƴǘΦ CƛŎƪǎΩǎ ŦƛǊǎǘ ƭŀǿ ŀƴŀƭȅȊŜǎ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ŦƭǳȄ ŀǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛon 

gradient under steady state. 
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Where J is flux, D is the diffusion coefficient, C is concentration and x is the position.  

CƛŎƪΩǎ ǎŜŎƻƴŘ ƭŀǿ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿƛth time (t) which is 

define by: 
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(1.6) 

In batteries, diffusion process is most significant in transporting species to and from the 

anode to cathode in order to maintain current flow. This can be approximated by 

ǊŜǿǊƛǘƛƴƎ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ, assuming that diffusion into the electrode is not limiting: 

 Ὥ ὲὊ
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(1.7) 

i is current and A is the contact ŀǊŜŀ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻŘŜΦ ʵ ƛǎ ǘƘŜ ōƻǳƴŘŀǊȅ-layer thickness 

between the bulk concentration of the electroactive species (CB) and the concentration 

at the electrode surface (Cs). This is accomplish with the relationship that i=nFJA where J 

is the flux. The maximum current that a battery can put out is when Cs=0. Thus, the only 

means of increasing the battery rate performance is to increase the bulk concentration, 

electrode area, or diffusion coefficient.  

 Not only do ions have to diffuse through the electrolyte but into the electrode 

itself. If we assume one-dimensional transport, the chemical diffusion process can be 

ŘŜǎŎǊƛōŜŘ ŀǎ CƛŎƪΩǎ ǎŜŎƻƴŘ law, where x is the distance into the solid from the 

electrode/electrolyte interface. Ions diffuse into the solid because of the concentration 

difference from the electrode surface (Cs) and the local concentration in the solid (C0). 
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Assuming that diffusion to the electrode surface is not limited, equation (1.7) can be 

used to determine the current where instead of the concentration difference is from the 

bulk electrolyte to the surface electrode (CB ς Cs), is the difference between the surface 

electrode and the local concentration in the solid (Cs - C0). In electrochemistry, there are 

multiple methods in determining diffusion. [2] 

 Cyclic Voltammetry (CV) 1.8

 Cyclic Voltammetry (CV) is a potentiodynamic electrochemical measurement. 

Similar to linear sweep voltammetry (LSV), the working electrode potential is ramped 

linearly with time and the current response is measured. In LSV, the measurement ends 

when the set potential is reached. However in CV, the working electrode potential is 

inverted and continues to linearly decrease in the opposite direction (Figure 1.9a). CV 

can be used to find the reaction mechanism during charge and discharge by plotting 

current response vs voltage as shown in Figure 1.9b. Each current peak in the graph is 

associated with an electrochemical reaction. Some sweeps may contain more than one 

current peak which indicates the occurrence of multiple reactions. Sometimes peaks can 

overlap each other and be convoluted. In order to separate one reaction peak from the 

other, identical cells are used. In the second cell, the same voltage sweep is applied as 

the first except that the potential is held constant after the first peak has formed and 

before the start of the second peak. This will allow on the first reaction to proceed 

without triggering the second. The second peak can be identified by the difference in 

current profiles for both cells. Diffusion coefficient can be determined by the current 

peak (ip) using Randles-Sevcik equation: 
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 F and R are CŀǊŀŘŀȅΩǎ ŀƴŘ Ǝŀǎ constant as previously mention, n is the number of 

electrons transfer, A is the area of the electrode/electrolyte interface, CLi is the initial 

concentration of lithium voltage sweep, and v is the voltage scan rate. It is assume that 

the diffusion of Li-ƛƻƴ ōŜƘŀǾŜǎ ǳƴŘŜǊ CƛŎƪΩǎ ƭŀǿǎ ŀƴŘ ƛǎ ǘǊŜŀǘŜŘ ŀǎ ŀ ƻƴŜ-dimensional 

semi-infinite diffusion. In semi-infinite diffusion, one side is treated to have a large 

amount species that any consumption is insignificant while the other side is changing 

over time. In this case, Li-ions in the electrolyte is considered having a constant 

concentration and the amount consumed is minute that the concentration does not 

change. The limitation is the amount of host material to accommodate the ions. 

Diffusion will continue to occur until the concentration in the host material is the same 

as the electrolyte. Since a Li-ion must be paired with an electron, diffusion rate can be 

determined from the current flow. In the scan profile, the peak intensity and peak 

separation changes with scan rate. With a faster scan rate the current peak intensity will 

increase, however peaks may become convoluted which may become difficult to 

distinguish multiple reaction mechanisms. [38] In porous electrode materials, A is 

usually the surface area of particulates. This can be estimated by the average size of the 

particles or by using Brunauer, Emmett and Teller (BET). [39] Though eq. (1.8) could be 

used on slow scan rates, it is not recommended because current peaks would not be 

well define and attractive interactions between the host and electroactive species may 

lower the apparent diffusion.  The assumptions used to determine diffusion with CV are 

as follows: 
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1) One-dimensional semi-infinite particles: CV assumes that particles have simple 

geometries that are large enough such that finite size effects can be neglected. 

2) CƛŎƪƛŀƴ ŘȅƴŀƳƛŎǎΥ /± ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ CƛŎƪΩǎ ŜǉǳŀǘƛƻƴΣ 

with no gradient energy term 

3) Constant D during perturbation: CV assumes that during the voltage sweep the 

diffusion coefficient does not change as the concentration changes. 

4) Scan rate: CV assumes that the scan rate is fast enough that the above 

approximations hold, but be able to separate multiple reactions. 

5) Extra-particle dynamics: CV assumes no impact on the current response from the 

dynamics outside the particles. 

 

 

Figure 1.9. (a) 1 complete cyclic potential sweep. (b) Example of a cyclic 
voltammogram with one reaction mechanism. Adapted with permission from Ref. 
[39]. 

 Galvanostatic Intermittent Titration Technique (GITT)  1.9

 In galvanostatic intermittent titration technique (GITT), current is applied in 

pulses followed by a period of relaxation time, in which no current passes through the 
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electrochemical cell. Positive current is applied during change and negative during 

discharge. The same amount of current is applied during each current pulse. During a 

positive current pulse (Figure 1.10), the potential will suddenly increase from internal 

resistance (IR drop) of the cell. Afterwards, it would continue to increase slowly from 

ǘƘŜ ŀǇǇƭƛŜŘ ŎǳǊǊŜƴǘΦ !ŦǘŜǊ ŀ ǘƛƳŜ ƛƴǘŜǊǾŀƭ ˍΣ current is interrupted (relaxation) and the 

cell is allow time to relax to an open circuit potential (OCP). Because of the influx of 

mobile species at the surface of the electrode, there still remains a concentration 

difference between the surface and bulk. During this period the composition in the 

electrode will tend to become homogeneous by diffusing the remaining mobile species 

into the bulk. Initially during this equilibrium process, the potential will drop suddenly 

from IR drop and then continue to decay until reaching an equilibrium potential. Then 

the cycle repeats with a current pulse followed by relaxation until the cut-off potential is 

reached. The opposite holds true during a negative current pulse. As a negative current 

applied, there is an IR drop followed by a slow decrease in potential. During relaxation, 

the potential will suddenly increase from IR drop and then continue to slowly increase 

till it reaches equilibrium. The process continues again till a cut-off potential is reached. 

The cell voltage difference (Figure 1.10), not including IR drop during the period of 

applied current, ƛǎ ǘƘŜ ǘƻǘŀƭ ǘǊŀƴǎƛŜƴǘ ǾƻƭǘŀƎŜ ŎƘŀƴƎŜ όɲEtύΦ ɲEs is the change of the 

steady-state voltage of the cell for a single step. [40] [41] [42] [43] 

 At the time when current pulse was initiated (t0) the composition at the 

electrode is AyB where A is the mobile species and B is the host material. After the 
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current pulse the composition becomes Ay+xB where x amount of A ions have diffuse 

into the electrode. It can be define by the following equation: 

 ɝὼ
Ὅ†ὓ

ὲά Ὂ
 

(1.9) 

 ²ƘŜǊŜ ɲȄ ƛǎ ǘƘŜ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴΣ L0 is the applied 

current at the start of the current pulse (t0), MB is the atomic weight of B, and mB is the 

Ƴŀǎǎ ƻŦ .Φ C ŀƴŘ ƴ ŀǊŜ CŀǊŀŘŀȅΩǎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ƴǳƳōŜǊ ƻŦ ŜƭŜŎǘǊƻƴǎ ǘǊŀƴǎŦŜǊŜŘ. 

 The diffusion coefficient can be calculated at each step using the following 

equation: 

 Ὀ
τ

“

ὠ

ὃὊὲ

)
ὨὉ
Ὠὼ
ὨὉ

ὨЍὸ

  
(1.10) 

VM is the molar volume of the sample and A is the area of the electrode/electrolyte 

interface.   is the change in potential from the stoichiometric change from the mobile 

species during the applied current. If a small amount of current is used, this can be 

approximated to  . 
Ѝ

 is the change in potential from the change in the square root 

of time during the current pulse. This can once again be simplified to  . By 

substituting these into eq. (1.9), diffusion can be found by: 

 Ὀ
τ

“†

ά ὠ

ὓ ὃ

ɝ%

ɝὉ
  

(1.11) 

It is important to know that eq. (1.11) ƛǎ ǾŀƭƛŘ ǿƘŜƴ ˍ << L2/D where L is the thickness of 

the electrode. This is from the relationship: 
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 ὒ ЍὈὸ 
(1.12) 

You can estimate the distance the mobile specie has traveled from its diffusion 

coefficient and the amount of time that has elapsed. In this case, if † , then enough 

time has passed for the mobile species to diffuse to the end of the electrode. This will 

change the concentration difference which will cause a change in diffusion rate. The 

calculated diffusion coefficient would appear to be lower then expected. The 

assumptions for GITT are as follows [44]: 

1) One-dimensional semi-infinite particles: GITT assumes that particles have simple 

geometries that are large enough such that finite size effects can be neglected. 

2) Fickian dynamics: GITT ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ CƛŎƪΩǎ 

equation, with no gradient energy term 

3) Constant D during perturbation: GITT assumes that during the current pulse the 

diffusion coefficient does not change as the concentration changes. 

4) Constant 
Ѝ
ȟ : GITT assumes that these derivatives are constant to make it 

possible to write the diffusion coefficient (eqs. (1.10) and (1.11)) in terms of 

experimentally accessible quantities 

5) Small current pulse: GITT assumes that the current pulse is small and short 

enough that the above approximations hold. 

6) Extra-particle dynamics: GITT assumes no impact on the current response from 

the dynamics outside the particles. 
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Figure 1.10. Current and voltage response of a single GITT step. Reproduced by 
permission of The Electrochemical Society. [41] 

 Potentiostatic Intermittent Titration Technique (PITT)  1.10

 Potentiostatic intermittent titration technique (PITT) is similar to GITT except 

that a constant potential is held while the current is monitored. PITT is beneficial 

because the potential can be controlled such that reactions would not progress forward 

unless it is both kinetically and thermodynamically favorable. Thus, the reaction 

mechanism could be determined from the voltage profile. The experiment starts at OCP 

and a small potential difference is applied to the cell (Figure 1.11). On charge, the 

potential difference is positive with a positive current response. On discharge, the 

potential difference is negative with a negative current response. During a positive 

potential difference, there is an initial increase current response followed by decay in 

current and eventually reaching zero. However, typically this is stopped after reaching a 

cut-off current or time in order to complete the measurement in a practical amount of 
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time. After the potential is raised the same amount and current is measured until cut-

off. This step repeats till reaching a final cut-off potential. On discharge, there is a small 

negative potential difference applied to the cell, the current initially becomes negative 

and slowly increase exponentially to cut-off current or time. This step repeats itself till a 

cut-off potential is reached. The current follows a Cottrellian behavior where [42]: 

 Ὅὸ ὲὊὃὅ ὅ
Ὀ

“ὸ
 if  t << L2/D 

(1.13) 

The diffusion coefficient can be determined from the slope of the linear plot of I vs. 

ρȾЍὸ if the concentration difference is known. Under long step times, t >> L2/D  current 

decays exponentially: 

 Ὅὸ
ςᾀὊὛὅ ὅ Ὀ

ὒ
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(1.14) 

This can be simplify by taking the natural log and taking the first derivative which yields: 

 
ὨÌÎὸ
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τὒ
 

(1.15) 

By rearranging the equation, D can then be calculated by taking the linear region in the 

graph of ln(I) versus t. 

 Ὀ
ὨÌÎὍ

Ὠὸ

τὒ

“
 

(1.16) 

The advantage is that the concentration difference does not need to be known. 
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 At long step times, the mobile species move towards equilibrium where the 

electrode becomes homogenous. The change in stoichiometry is directly related to the 

concentration difference under the relationship: 

 ɝὼ ὠ ὅ ὅ
ὗ

ὲὊὲ
 

(1.17) 

Where Q is the charge transfer, nB is the number of moles of the host material. Q can be 

determined by the amount of current passing through during the potential step: 

 ὗ ὍὸὨὸ 
(1.18) 

Knowing that the L=(VMnB)/S, eq.(1.13) and (1.14) can be rewritten in terms of Q: 

 Ὅὸ
ὗὈ

ὒ“

ρ

Ѝὸ
  if  t << L2/D 

(1.19) 

 Ὅὸ
ςὗὈ

ὒ
ÅØÐ

“Ὀὸ

τὒ
 if  t >> L2/D 

(1.20) 

In PITT the assumptions are as follows [44]: 

1) One-dimensional semi-infinite particles: PITT assumes that particles have simple 

geometries that are large enough such that finite size effects can be neglected. 

2) CƛŎƪƛŀƴ ŘȅƴŀƳƛŎǎΥ tL¢¢ ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ CƛŎƪΩǎ 

equation, with no gradient energy term. 

3) Constant D during perturbation: PITT assumes that during the potential step the 

diffusion coefficient does not change as the concentration changes. 
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4) Cutoff current: PITT assumes in the case of eq. (1.19) and (1.20), that Q is found 

by infinite time integration which must be shortened after some practical 

interval. 

5) Small potential step: PITT assumes that the potential step is small enough that 

the above approximations hold. 

6) Extra-particle dynamics: GITT assumes no impact on the current response from 

the dynamics outside the particles. 

 

Figure 1.11. Current response of a single PITT step. 

 Electrochemical Impedance Spectroscopy (EIS) 1.11

 In electrochemical impedance spectroscopy (EIS) or alternating current (AC) 

impedance, potential is swept from positive to negative in a sine wave and the current is 



32 
 

 

measured. hƘƳΩǎ ƭŀǿ ŘŜŦƛƴŜǎ ǾƻƭǘŀƎŜ ǇƻǘŜƴǘƛŀƭ ό±ύ ƛƴ ǘŜǊƳǎ ƻŦ ŎǳǊǊŜƴǘ όLύ ŀƴŘ ǊŜǎƛǎǘŀƴŎŜ 

(R): 

 ὠ ὍὙ 
(1.21) 

The current response would be in phase with the sweeping voltage for an ideal resistor. 

However in many materials, it is not the case and complex equivalent circuits are used 

to describe their behavior. 

 As potential is applied in a sinusoidal wave, the current response would also be 

sinusoidal at the same frequency but shifted in phase (Figure 1.12). In a linear system, 

both the potential and current response, as a function of time, can be described as the 

following [45]: 

 ὠ ὍὙ 
(1.22) 

 Ὅὸ ὍÓÉÎ ‫ὸ ‰  (1.23) 

E0 and I0 is the potential and current ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ ǎƛƎƴŀƭΣ ǘ ƛǎ ǘƛƳŜΣ ˖ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ 

frequency which is related to frequency (f) by: 

 ‫ ς“Ὢ 
(1.24) 

From Eq. (1.21), we can calculate the impedance (Z) of the system as: 

 ὤ
Ὁὸ

Ὅὸ

ὉÓÉÎ‫ὸ

ὍÓÉÎ ‫ὸ ‰
ὤ

ÓÉÎ ‫ὸ

ÓÉÎ ‫ὸ ‰
 

(1.25) 
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Z0 is the magnitude of the impedance. When the sinusoidal potential and current is 

ǇƭƻǘǘŜŘ ƻƴ ŀ ƎǊŀǇƘΣ ǘƘŜ ǊŜǎǳƭǘ ƛǎ ŀƴ ƻǾŀƭ ƪƴƻǿƴ ŀǎ ŀ ά[ƛǎǎŀƧƻǳǎ CƛƎǳǊŜέ όFigure 1.13). This 

is typically observed with an oscilloscope and was the acceptable method for measuring 

impedance prior to modern EIS instrumentation. 

 ¦ǎƛƴƎ 9ǳƭŜǊΩǎ ŦƻǊƳǳƭŀΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŜȄǇǊŜǎǎ ƛƳǇŜŘŀƴŎŜ ƛƴ ŀ ŎƻƳǇƭŜȄ ŦǳƴŎǘƛƻƴΥ 

 ÅØÐὮ‰ ÃÏÓ‰ ὮίὭὲ‰  
(1.26) 

 Ὁὸ ὉÅØÐὮ‫ὸ (1.27) 

 Ὅὸ ὍÅØÐὮ‰‫ὸ  (1.28) 

j is the imaginary unit and the impedance can be represented as: 

 ὤ‫ ὤÅØÐὮ‰ ὤ ÃÏÓ‰ ὮίὭὲ‰  
(1.29) 

{ƛƴŎŜ ½ό˖ύ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ both real and imaginary parts, it can be plotted with the real 

in the x-axis and imaginary on the y-axis we have a Nyquist plot as shown in Figure 1.14 

for an electrochemical cell. In order to describe the data, equivalent circuits composed 

of ideal resistors (R), capacitor (C), and inductors (L). The relationship with impedance is 

shown in  

Table 1.3. 
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Component Definition Impedance 

Resistor Ὁ ὍὙ ὤ Ὑ 

Capacitor Ὅ ὅ
ὨὉ

Ὠὸ
 ὤ

ρ

Ὦ‫ὅ
 

Inductor Ὁ ὒ
ὨὍ

Ὠὸ
 ὤ Ὦ‫ὒ 

 
Table 1.3. Circuit elements used to model EIS spectra. 

 Because real systems do not behave ideally, two additional components are 

used, constant phase element (CPE) and Warburg impedance (ZW). wŀƴŘƭŜΩǎ ŜǉǳƛǾŀƭŜƴǘ 

circuit is typically used to interpret the impedance in an electrochemical cell, R0 is the 

uncompensated ohmic resistance of the electrolyte and electrode; Rct is the charge-

transfer resistance, Cdl is the double layer capacitance, Zw
* is the Warburg impedance. 

Narquisian impedance spectra show a semi-circle at high frequency which is the 

combination of Ro and Rct. At very low frequencies a vertical line in which R reaches its 

limit which is the sum of (R0 +Rct) and RL where RL is the limiting low frequency 

resistance. [46] 

 The diffusion coefficient can be calculated by the Warburg impedance expressed 

as: 

 ὤ „ρ Ὦ‫  
(1.30) 

ˋ ƛǎ ǘƘŜ ²ŀǊōǳǊƎ ŎƻŜŦŦƛŎƛŜƴǘΣ Ƨ ƛǎ ŀƴ ƛƳŀƎƛƴŀǊȅ ǳƴƛǘ ŀƴŘ ˖ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅΦ ˋ Ŏŀƴ 

ōŜ ŦƻǳƴŘ ōȅ ǘŀƪƛƴƎ ǘƘŜ ǎƭƻǇŜ ƻŦ wŜό½ύ Ǿǎ ˖ϣό-1/2). This can then be used in the equation: 
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 (1.31) 

Vm is the molar volume of the cathode, z is the charge transfer between the anode and 

ǘƘŜ ŎŀǘƘƻŘŜΣ C ƛǎ CŀǊŀŘŀȅΩǎ ŎƻƴǎǘŀƴǘΣ ! ƛǎ ǘƘŜ ŀŎǘƛǾŜ ǎǳǊŦŀŎŜ ŀǊŜŀ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻde and 

dE/dx slope of voltage. 

 The equation is rearranged to find D: 

 Ὀ
ὠ

ςᾀὊὃ„

ὨὉ

Ὠὼ
 

(1.32) 

²Ŝ ŦƻƭƭƻǿŜŘ IƻΩǎ ŀǎǎǳƳǇǘƛƻƴǎ ŦƻǊ CƛŎƪΩǎ ŘƛŦŦǳǎƛƻƴ Ŝǉǳŀǘƛƻƴ ǿƘƛŎƘ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ƭƛǘƘƛǳƳ 

diffusion into the cathode is a semi-infinite and that during the time period of the 

measurement is taken for, lithium has not penetrated to the end of the cathode. [46] 

Furthermore, the driving force for diffusion is a gradient in relation to composition and 

that the electrical field in the electrode can be negated. Lastly, the diffusion coefficient 

is linearly and independently related to the concentration over the range of the 

alternating voltage that is applied. 
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Figure 1.12Φ ¢ƘŜ ŎǳǊǊŜƴǘ ǊŜǎǇƻƴǎŜ ǘƻ ŀ ǾƻƭǘŀƎŜ ǎǿŜŜǇ ƛǎ ǎƘƛŦǘŜŘ ōȅ ˒Φ Reprinted with 
permission from Ref. [45]. 

 

Figure 1.13. Lissajous Figure is formed from both current and voltage components. 
Reprinted with permission from Ref. [45]. 
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Figure 1.14 An illustration of Randles circuit. Adapted with permission from Ref. [35]. 
Copyright (2014) American Chemical Society. 

 Overpotential polarization  1.12

 Ideally it would be desirable that all the chemical energy be converted to usable 

electrical energy. However, polarization can cause a drop in voltage and loss in energy. 

Activation, concentration, and ohmic polarizations consume useful energy and release it 

as waste heat. Figure 1.15 ǎƘƻǿǎ Ƙƻǿ ǘƘŜǎŜ ǇƻƭŀǊƛȊŀǘƛƻƴǎ Ŏŀƴ ŀŦŦŜŎǘ ŀ ŎŜƭƭΩǎ ƻǇŜǊŀǘƛƴƎ 

voltage. 
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Figure 1.15. Cell potential profile as a function of current. There is a greater potential 
loss with increasing current. Reproduced with permission from Ref. [2]. 

 Energy loss is minimal when operating current is small and can be detrimental 

when large. Even though the capacity of a battery is determine by the electrochemical 

reactions, polarization can greatly affect their performance. In order to minimize these 

effects, it is essential to understand the components that cause polarization. 

 The reaction rate is determined by the slowest reaction step of the process. The 

energy barrier in this rate-determining step must be overcome in order for the reaction 

to proceed further. As a result, the electrode potential changes in order to overcome 

the barrier. Activation polarization is the overpotential caused by the energy barrier of 

the rate-determining step of the electrochemical reaction.  In 1905, Tafel observed that 

this overpotential is linearly proportional with the log of the current. 

 – ὥ ὦÌÏÇὭ 
(1.33) 
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²ƘŜǊŜ ʹ ƛǎ ǘƘŜ ƻǾŜǊǇƻǘŜƴǘƛŀƭΣ ƛ ƛǎ ŎǳǊǊŜƴǘΣ ŀƴŘ ōƻǘƘ ŀ ŀƴŘ ō ŀǊŜ ŎƻƴǎǘŀƴǘǎΦ This is more 

ƴƻǘƛŎŜŀōƭŜ ǳƴŘŜǊ ƘƛƎƘ ƻǾŜǊǇƻǘŜƴǘƛŀƭǎΦ ¢ŀŦŜƭΩǎ equation has been used in studies of 

activation overpotential for hydrogen formation where the slowest step is the formation 

of gas. As hydrogen ions collect at the cathode gaseous hydrogen is formed. It collects 

together to form a bubble which will stick to the cathode surface. This affects the kinetic 

process as it lowers the amount of usable surface. Eventually, enough gaseous hydrogen 

will collect together releasing it from the surface of the cathode. [2] [47] 

 According to the Nernst equation, we can determine the potential for the 

concentration at the electrode and bulk: 

 Ὁ Ὁ
ὙὝ

ὲὊ
ÌÎὅ 

(1.34) 

Where R is the gas constant, T is the temperature, C is the concentration of the bulk or 

electrode surface. Because there is a difference in concentration, there is also a 

ǇƻǘŜƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ ǿƘƛŎƘ ȅƛŜƭŘǎ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻǾŜǊǇƻǘŜƴǘƛŀƭ όʹCύ ǿƘŜǊŜ ʹC = EE - Eb. 

The concentration polarization could be reduced by either convection or by increasing 

the operating temperature to increase the movement of the electroactive species. [48] 

 Lastly, there is ohmic polarization or IR drop. All electrochemical cells have some 

internal impedance. The total internal impedance is compose of the ionic resistance of 

the electrolyte, electronic resistance of the electrode and current collectors, as well as 

the contact resistance between them. This can be seen with EIS as mention previously. 

Internal resistance greatly affects the performance and rate capability of a cell. The 
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voltage drop is proportional to the amount of current flowing through the cell as it 

folƭƻǿǎ hƘƳΩǎ ƭŀǿ. 

 The total voltage drop from polarization can be expressed as: 

 Ὁ Ὁ – – – – ὭὙ 
(1.35) 

E0 is the open circuit voltage of the cell, όćt)a and όćt)c is the charge-transfer 

overpotential or activation polarization at the anode and cathode, όć)a and όć)c is the 

concentration polarization at the anode and cathode, i is the operating current, and Ri is 

the internal resistance of the cell. At high current rates, voltage drops due to 

polarization effects are more apparent on both charge and discharge. The voltage gap 

that is formed from this is called hysteresis. 

 Intrinsic Hysteresis 1.13

 Not to be confused with hysteresis induced from polarization, intrinsic hysteresis 

is the voltage difference from charge and discharge not caused by high cycling rates and 

is inherent to a material. Polarization hysteresis can be reduced by reducing the current 

rate, minimizing particle size, or electrode thickness. This effectively reduces the current 

density or decrease the impedance from charge transfer. While this is more noticeable 

in conversion materials, some intercalation materials contain a small amount of intrinsic 

hysteresis. [26] [49] 

 In intercalation materials, intrinsic hysteresis is a result from the many-particle 

model. To understand this model, we first look at the properties for a single particle. 
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Assuming a single nano-size particle of LiFePO4, neglecting possible mechanical 

phenomena, the chemical potential of Li as a function of composition is shown in Figure 

1.16. The black dotted line is the equilibrium potential in which the two phases (FePO4 

and LiFePO4) can coexist. During galvanostatic charge (red), the potential passes the 

equilibrium line as an overpotential reaching a local maximum (point A to B). This area 

at point B is the spinodal region where two phases are formed inside the particle, one 

having a higher lithium concentration than the other. During this phase formation, the 

potential decreases back to equilibrium (point B to C) will continue on the line during 

charge (point C to D). 

 In the case where there are multiple particles involve, it assume that these 

particles are close enough to allow Li-ions to exchange with each other. Similar to a 

single particle case on delithiation, the potential passes the equilibrium potential and 

into the spinodal region. At one point, a single particle will decompose into two phase 

and the potential will decrease to the equilibrium point, however it is not stable since it 

is in contact with other particles with varying amount of Li concentration. The single 

particle will quickly become homogeneous by redistributing its remaining Li-ions to 

other particles. As lithium continues to be removed from the system the potential is 

once again raised until another particle decomposes that the potential drops this is 

show in Figure 1.17a. Though this may be noticeable in a small numbers of particles, 

electrodes are composed of thousands of particles that these potential drops are never 

seen resulting a higher than normal equilibrium potential (Figure 1.17b). [50] 
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 One of the drawbacks of conversion materials is the large hysteresis found in its 

cycling profile. [51] In conversion materials, intrinsic hysteresis is not mainly caused by 

particle transformation but rather different reaction pathways. As shown using first 

principles, there are many intermediate phases present on lithiation and delithiation. 

[52] [53] [54] For example with FeF3, Doe et al. initiated that during lithiation the 

calculated equilibrium pathway is to form Li1/4FeF3 then Li1/2FeF3 before Fe and LiF 

precipitate out. However, kinetics can cause FeF3 to deviate from this pathway and 

follow nonequilibrium ones as the equilibrium potential does not match with that found 

experimentally as there are several potential drops in the voltage profile. One possibility 

is that there is a stable phase between Li1/2FeF3 and 3 LiF + Fe that allows it to drop 

further down, such as LiFeF3 and Li3/2Fe3/4F3. The other is that the slow moving Fe in the 

fluoride phase is so slow that it does not precipitate out until Li concentration reaches 

LiFeF3. This kinetic limitation would also explain the different pathway during 

delithiation.  
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Figure 1.16. Chemical potential profile of LiFePO4 in a single particle case. Blue curve 
assume no phase transition. Red curve is the expected pathway for a single particle 
with a phase transformation. Adapted by permission from Macmillan Publishers Ltd: 
Nature Ref. [50], Copyright (2010).  

 

Figure 1.17. Chemical potential profile in a many particle case. (a) assumes only 10 
particles involved. (b) assumes only 1,000 particles involved. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Ref. [50], Copyright (2010). 

 Percolation Theory  1.14

 In conversion materials, metal precipitates out during lithiation and potentially 

forms a conductive metal network in an insulating lithium salt matrix. [32] [33] [18] 
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Because of the metal network through the insulating salt, it may support electronic 

transport to the reaction front during discharge. Thiǎ ƳŀǘǊƛȄ ƻŦ ƳŜǘŀƭ ƛƴǎǳƭŀǘƻǊ can be 

described through percolation theory. Percolation is a standard model for disordered 

systems. It can be used to describe transport in amorphous and porous materials. This 

can also be used in the real world such as the distribution of oil in a porous rock or 

water through coffee grinds. To better describe this, if we assume a 2-D square lattice 

where each site is randomly chosen to be either occupied with probability p or empty 

with a probability 1-p (Figure 1.18). We also assume that occupied sites are completely 

conductive and empty site completely insulative and that electrons can only travel 

through conductive sites near each other. Under low concentration, p, conductive sites 

are either isolated or had formed small clusters. In either case, current cannot travel 

from one edge to the other. As concentration increases, more sites become filled until a 

critical point, pc, where sites have become interconnected to support electron transport. 

Further increase will increase more interconnectivity between conductive particles 

which in turn will increase conduction. Below pc is an insulator and above pc is a 

conductor. [55] [56] 

There are several different models that are used to describe different types of 

percolation networks, a few noteworthy are mention herein. Site percolation was 

described previously where sites are considered part of a cluster when they are next to 

each other. An example is a mixture of paramagnets and ferromagnets, where at pc, the 

mixture changes from paramagnetic behavior to ferromagnetic. 
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 Another different model is bond percolation, where all sites are occupied but a 

physical bond between nearest neighbors is required to be part of a cluster (Figure 

1.19). The probability for one site to bond to another is q and at a critical concentration 

of bonds, qc, the system changes for a phase with finite clusters to a phase of infinite 

clusters where they are interconnected. An example is the gelation process in boiling an 

egg, at room temperature it is a liquid and upon heating, it transforms into a solid-like 

gel. Site-bond percolation is used in the gelation behavior in diluted liquids. In this case, 

clusters are formed when sites are both occupied with a probability p and bonded with 

a probability q. 

 Lastly there is continuum percolation where the positions in a mixture are not 

restricted to discrete sites of a lattice, but in the overall material. Unlike site and bond 

percolation, continuum percolation does not depend on the coordination number of the 

lattice. A simple example is a sheet of conductive material where circular holes are 

punched out randomly. The amount of conductive material is now a fraction, p. In 3-

dimensions, the empty spaces can be treated as spherical voids in the material. 

Continuum percolation is also known as the Swiss cheese model because of the 

resemblance. This model has been used to describe sandstone or other porous 

materials. 

 Percolation theory can be used to describe electronic transport in material 

compositesΦ /ƻƴŘǳŎǘƛǾƛǘȅ όˋύ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ƳƻƭŀǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όȄύ ōȅ ǘƘŜ 

following equation [55] [56]: 



46 
 

 

 „ͯ ὼ ὼ  
(1.36) 

Where xc is the critical volume fraction where electronic transport can be supported, µ 

is a critical exponent which is 1.30 for two-dimensional percolation and 2.00 for three-

dimensional percolation. The expected xc is different depending on the type of model 

used. xc can be found by measuring conductivity at different compositions as shown in 

Figure 1.20. The sharp increase in conductivity is determined to be xc where the metal 

particles become interconnected to allow electronic transport. Conductivity at xc can 

vary from several orders of magnitude since it becomes conductive from a completely 

insulating state. When x>xc conductivity continues to increase a few orders of 

ƳŀƎƴƛǘǳŘŜ ǳƴǘƛƭ ˋM when x=1 is composed of only pure metal. ¢ƘŜ ŎǊƛǘƛŎŀƭ ŜȄǇƻƴŜƴǘΣ ˃Σ 

can be determƛƴŜŘ ōȅ ǇƭƻǘƛƴƎ ƭƴόˋύ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ƭƴόȄ-xC) and finding the slope of the 

linear region. 

 

Figure 1.18. Example of site percolation in a square lattice. Black squares are 
considered filled positions Adapted with permission granted by Wolfram Companies, 
www.wolfram.com, Ref. [57] 
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Figure 1.19. Example of bond percolation. Adapted with permission granted by 
Wolfram Companies, www.wolfram.com, Ref. [57] 

 

Figure 1.20Φ {ŎƘŜƳŀǘƛŎ ŘƛŀƎǊŀƳ ƻŦ ǘƘŜ ŎƻƴŘǳŎǘƛǾƛǘȅ όˋύ ŀǘ ŘƛŦŦŜǊŜƴǘ ǾƻƭǳƳŜ 
compositions (x). xc is the critical volume fraction in which metal particles for a 
ŎƻƴŘǳŎǘƛǾŜ ƴŜǘǿƻǊƪΦ ˋM is the conductivity of pure metal. 

 Summary and Organization of Thesis  1.15

 Although intercalation positive electrode materials provide decent capacity with 

reasonable cyclability, the demand for energy storage with higher energy densities has 

led into conversion type materials. Iron-based metal fluorides can provide three times 
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the capacity of traditional intercalation materials at a fraction of the cost. By making 

CMFNCs, the full capacity could be utilized reducing the fluoride into a percolated 

network of metal in a LiF matrix. Despite these beneficial factors, there are still many 

questions that are left unclear such as the properties percolated structure that forms on 

lithiation and the causes for its low cycling rate. This thesis will focus on identifying the 

reaction mechanism involved during lithiation and delithiation. Quantify both electronic 

and ionic transport and relate to their poor electrochemical performances. Establish in 

what way does mobility of ions affect the reaction pathway taken during lithiation and 

delithiation, and how do these changes the hysteresis seen in the voltage profiles. 

Chapter 2 provides background information on the instruments used for 

electrochemical and physical characterization throughout this thesis. 

Chapter 3 presents detail work on ionic transport and reaction mechanism in 

these iron-base fluorides using high resolution PITT.  In this chapter, a new method is 

presented in determining intrinsic hysteresis eliminating nucleation induced 

overpotentials. The reaction mechanism for these fluorides during reconversion was of 

interest especially FeF2. 

Chapter 4 focuses on the electronic transport aspect of these fluorides. The main 

focus was to determine if the percolated structure that forms during lithiation is 

electronically supporting. Thin films of FeF2 were deposited onto interdigitated 

electrodes (IDE) and chemically lithiated. Results were compared with pure Fe film as 

well as a contrasting fluoride, BiF3. 



49 
 

 

Chapter 5 incorporates the results from chapter 4. An alternative method was 

used to quantify ionic transport in these fluorides by utilizing the conductive properties 

of the percolated structure.  
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2 Experimental Techniques 

 X-ray Diffraction (XRD)  2.1

 XRD is a useful tool in identifying different phases in materials. It can be used to 

determine size, shape, internal stresses, and preferential orientation. It is most powerful 

when applied to crystalline materials. Crystalline materials contain atoms that are 

arranged in a long order repeating pattern in solid form. Amorphous materials are solids 

having only order short distances. As X-rays penetrate the surface of the material, the 

atomic planes of the crystal will cause X-rays to interfere with each other as they exit. 

However, at certain angles, x-ray beams are reflected at the same angle as the incident 

beam. Bragg correlated the diffracted X-ray beam to the d-spacing between 

crystallographic planes: 

 ὲ‗ ςὨÓÉÎ— 
(2.1) 

²ƘŜǊŜ ƴ ƛǎ ǘƘŜ ƻǊŘŜǊ ƻŦ ǘƘŜ ǊŜŦƭŜŎǘƛƻƴ όǳǎǳŀƭƭȅ ƴҐмύΣ ˂ ƛǎ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǘƘŜ Ȅ-ray 

beam, d is the d-ǎǇŀŎƛƴƎ ƻŦ ǎǳŎŎŜǎǎƛǾŜ ŀǘƻƳƛŎ ǇƭŀƴŜǎΣ ŀƴŘ ʻ ƛǎ ǘƘŜ ŀƴƎƭŜ ōŜǘǿŜŜƴ ǘƘŜ 

atomic plane and both the incident and reflected beam (Figure 2.1). Crystals can have 

more than one plane with different d-spacings and each reflect at different angles. Each 

plane is associated with a certain hkl associated with the crystal. At other angles, X-rays 

are instead diffracted. There are seven major crystal systems: triclinic, monoclinic, 

orthorhombic, tetragonal, trigonal, hexagonal, and cubic. Some compounds may have 

the same crystal structure but have different d-spacings for the same hkl. This is from 

the different elements that make up the compound. Since atoms have different sizes 



51 
 

 

depending on the element, this can cause planes to have different d-spacing. Because of 

these differences, each crystalline material has a unique XRD pattern which can be used 

for identification. 

 A typical XRD consists of three major components: X-ray source, sample mount, 

and detector (Figure 2.2). During operation, two of the components move while the 

third is fixed to form different incident beam angles. In the X-ray source, a W cathode 

filament is heated to the point that electrons are ejected out of the material. Under high 

voltage (40 kV) and low current (40 mA), electrons are pulled to a metal anode (typically 

Cu) where they bombard it at high velocities. This causes the electrons in the metal 

atoms to become excited, moving to higher orbitals and on relaxation they emit a 

distinct wavelength x-ray. Since the two most common types of x-rays generated are Kh 

and K̡, a filter is used to absorb the K̡ X-rays (typically Ni). Usually the ideal choice for a 

X-ray filter is a metal whose atomic number is one less than the anode metal. [58] 

 Bruker D8 Advance diffractometer was used for XRD. The X-ray source and 

detector, in our case is a position sensitive detector (PSD), are mounted to a 

goniometer. At the center is the sample mount that is fixed in place. The sample mount 

is custom made to hold a glass slide so that thin films or small amounts of powder could 

be used. There are two different scanning protocols that the XRD can utilize: continuous 

and step scan. Continuous, as it states, the source and detector move across various 

angles without stopping so that all diffracted X-rays are collected. Step scan is similar to 
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continuous except that it is held at an angle for a certain period of time before 

proceeding to the next angle. The protocol use here is a continuous scan from 15-60  

° with 0.02 increments at 1.9 scan speed which is equivalent to a scan rate of 

0.631°/min. 

 

Figure 2.1. Illustration of X-Ǌŀȅ LƴŎƻƳƛƴƎ ōŜŀƳ ōŜƛƴƎ ǊŜŦƭŜŎǘŜŘ ŀǘ ŀƴƎƭŜ ʻΦ 

 

 

Figure 2.2. Components of X-ray Diffractometer. 

 Profilometer  2.2

 Profilometry has been useful in the assessment of the surfaces using two-

dimensional surface profiles. The two main types of profilometry are contact and non-

contact. Contact systems involve a mechanical stylus that scan along the surface of the 


























































































































































































