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ABSTRACT 
 

The integration of lithium ion batteries into the electric vehicle market is dependent 

on a few key issues.  Two of these issues include cycle life and performance at low 

temperatures.  Industrial lithium-ion batteries need to be able to withstand several 

thousand cycles and operate over a large temperature range so as not to induce range 

anxiety in drivers in colder climates.  One of the major degradation mechanisms that can 

occur within a battery, especially in cold temperatures, is lithium plating on the graphite 

anode.  Experiments in this dissertation show that the degradation mechanism of 

LiNi0.6Mn0.2Co0.2O2/graphite high energy cells that causes a premature death is lithium 

plating. 

Experiments utilizing specially fabricated research-type cells with forced lithium 

plating are used to better understand the important variables that drive lithium plating in 

graphite anodes.  Results show that temperature plays a dominant role in the onset of 

lithium plating, which can even occur at temperatures above 0 
o
C.  In order to mitigate 

lithium plating in Li-ion batteries, the internal temperature of the battery must be 

monitored and controlled.  This can be obtained through self-heating quickly and 

efficiently while using a minimal amount of energy.  Pulse heating of batteries from 0 
o
C 

is examined in order to decrease spatial temperature gradients, lower average activation 

current and minimize wasted energy due to temperature overshoot when compared to the 

current continuous heating protocol.  The optimal pulse heating protocol is a 2 second on-

pulse followed by a 2 second off-pulse.  Mitigation of lithium plating in industrial electric 

vehicle batteries is attempted utilizing the self-heating technology.  External heating is 
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unable to heat the battery from sub-zero temperatures while inducing a safety shut-off 

and large spatial temperature gradients.  Conversely, internal heating is successful at 

heating the cell quickly and uniformly with minimal energy consumed. 
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Chapter 1  
 

Introduction 

1.1 Motivation 

Aging of lithium ion batteries is the typical restriction when expecting a 10+ year lifespan 

for the long life requirement of electric vehicle applications.  Typical aging of the batteries 

includes loss of active material, loss of capacity, reduction of power and increasing of cell 

impedance.  The formation and growth of the solid-electrolyte interface (SEI) is widely 

recognized as the dominant aging mechanism [1-7] though several other mechanisms have been 

explored in literature including loss of active material from the electrical network due to cracking 

and mechanical failure [8-10], loss of active material through dissolution of transition metals 

from the cathode [11-13], and deposition of metallic lithium on the graphite anode [14-16].  In 

order to be utilized in electric vehicles, a reliable life-prediction must be available for the battery 

managements system, which requires a fundamental understanding of these aging mechanisms. 

Other concerns of the limitations of lithium ion batteries include poor low temperature 

performance and fast charging capability [17].  Lithium ion batteries suffer severe power loss at 

sub-zero temperatures.  This poor performance is believed to be due to poor electrolyte 

conductivity, slow Li diffusion, increased resistance of the SEI, and increased resistance to the 

kinetics of charge transfer.  Previous efforts to improve the performance at low temperatures 

include electrolyte additives [18-21], which usually have detrimental effects on cycle life and 

performance at high temperature, and on heating of the cell prior to use [22, 23].  Previous efforts 

to heat cells tend to have issues with long heating time, high energy consumption and low heating 

efficiency.  In order to have widespread vehicle electrification, fast charging needs to obtainable 



2 

 

quickly (in minutes) and in all weather conditions. Current lithium ion batteries are unable to 

charge at sub-zero temperatures due to the propensity for lithium plating to occur [18, 20, 24-26].  

Reduced intercalation kinetics of the anode leads to competition between lithium intercalation 

and lithium plating on the graphite particle.  Being able to control the internal temperature of the 

battery would allow for increased cell performance and ability to fast charge while in sub-zero 

ambient conditions.  

1.2 Background Literature 

1.2.1 Aging Mechanisms 

Inevitably, lithium ion batteries will not be able to last forever due to degradation 

processes that occur inside the cell.  Identifying the major degradation processes is key to 

understanding what factors play dominant roles in the cycle life decay of lithium ion batteries and 

key to any attempt to extend the life and usefulness of these cells.  Arora et al. presented an early 

review of degradation processes for lithium ion batteries.  Table 1-I [27] shows a summary of the 

many degradation processes that may occur in these cells [3, 28].  In general, capacity loss is due 

to either consumption or isolation from the cycle network, which is mostly attributed to the loss 

of active lithium at the negative anode.  Power fade, which is caused by impedance growth due to 

growth of solid layers depositing on the surface of the electrodes, results in increased internal 

resistance.  Impedance growth can have contributions from both electrodes though it is usually a 

result of the positive electrode [29]. 

During the first several charge-discharge cycles of a fresh Li-ion cell, a passive SEI film 

forms due to the irreversible reaction between lithium ions and solvent at the surface of the 

carbon anode [30-32]. The SEI has been studied extensively in literature [4-7, 30, 31, 33-48].  
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This process consumes active lithium in the electrolyte; however, ideally, if a stable, protective 

SEI film is formed, the electrode material is isolated from the electrolyte, reducing the chance of 

further electrolyte reduction. The SEI also prevents self-discharge.  Self-discharge can occur in 

one of two ways; deintercalation of Li-ions from the anode material or dissolution of the SEI and 

consequential reformation of the SEI layer.  If SEI formation were sustained throughout battery 

operation, it would render Li-ion batteries unusable due to the continual loss of cyclable lithium. 

The reason that Li-ion batteries can operate is that the SEI does not conduct electrons well, and is 

almost impenetrable to electrolyte molecules. Once an initial SEI layer has formed, the inability 

of electrolyte molecules to travel through the SEI to the active material surface, where they could 

react with lithium ions and electrons, inhibits further SEI growth. Intercalation is inhibited far 

less, because lithium ions can easily pass through the SEI. Thus the battery is able to experience 

many charge-discharge cycles with little additional SEI buildup. 

An ideal SEI film should have several features.  The SEI needs to be stable both 

electrochemically and thermally.  If small changes in temperature or potential causes the SEI to 

change or break apart, then open anode material site would allow for further solvent reduction 

and thus more capacity loss.  The SEI also needs to be stable from a solubility perspective.  If the 

SEI components formed are soluble in the electrolyte of the battery, then further reaction will 

proceed as well.  Secondly, the SEI formation needs to be fast.  Fast formation allows for less 

time for exposure of the lithiated anode to the electrolyte.  An ideal SEI film should also permit 

free Li
+
 transport. It is essential that the battery can still operate with Li+ diffusing through the 

SEI but not electrolyte molecules.  The SEI should have limitations on its electronic conductivity 

as well.  A good SEI should not conduct electrons well, but cannot be such an insulator that it 

completely disconnects the anode material from the conducting matrix.  Furthermore, it should be 

able to withstand the volume change due to Li+ intercalation-deintercalation between the anode 

layers. Intercalation-deintercalation processes can cause volume changes up to 400% (silicon 
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anodes).  The SEI needs to be able to withstand these changes to prevent cracking and thus 

exposure of active material surface.  The transference number for unsolvated Li-ion may not be 

unity, and other charged and neutral species may be allowed to diffuse through, causing further 

film growth and irreversible capacity loss during subsequent cycling [3]. 

During the charge and discharge of a Li-ion cell the active Li in the cell is intercalated 

into and out of the negative electrode, respectively. During each cycle a small amount of that 

active Li reacts to thicken a passivating layer on the surface of the electrode. The exact nature of 

the SEI is dependent on a number of factors such as the active material in the electrodes, 

electrolyte composition, temperature of the cell, electrolyte additives, etc. Although the SEI can 

differ dramatically depending on the parameters of the cell, the Li used to form the SEI is always 

consumed irreversibly. Thus in order for an electrolyte molecule to react with a litihum ion, Li
+
, 

and an electron, e
-
, it will have to come close enough to the LixC6 to be within a tunneling range 

of an e
-
. This presumably requires an electrolyte molecule to diffuse through the SEI to get within 

a required range, significantly reducing the SEI growth rate as the SEI thickens [34]. 

Huang et al. performed a study on how different formation conditions affected the aging 

performance of Li-ion cells [35].  Cells were fabricated then initial SEI formation was carried out 

at three different formation conditions, varying temperature and charge rate.  The cells were then 

stored for 10 weeks at 60 
o
C conditions.  The results showed comparable reversible capacities for 

all three groups, but showed a considerable difference in irreversible capacity loss.  Cell 

resistances were also measured in this study.  It was seen that both the bulk and film resistances 

for group C were higher than for those in Groups A and B, while the charge transfer resistances 

were similar for all groups.  After storage, the cells were cycled for 300 cycles.  Group A and B 

both retained around 96-97% of the original capacity while Group C retained only 89% of its 

capacity.  From this study, it can be concluded that formation conditions for the SEI do have 
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consequences on the performance of the cell.  Specifically, it seems higher formation temperature 

and lower formation charge currents are better for the initial formation of the SEI. 

 The effects of SEI porosity were modeled by Safari et al. [36].  The results of this 

study show that an SEI with a higher porosity will have higher capacity losses than those with a 

lower porosity.  Upon storage for 300 days, the 1% porosity SEI cell retains over 90% of its SOC, 

while the 10% porosity SEI cell retains only 70% of its SOC.  An ideal SEI would not let any 

electrolyte molecules diffuse through it, which is more likely to happen with a higher porosity. 

As temperature decreases, approaching 0 
o
C and below, a different aging mechanism 

becomes dominant [15].  The mechanism believed to be dominant at sub-zero temperatures is 

lithium deposition on the surface of the graphite anode. Lithium plating can occur when the cell is 

charged at low temperature, using high currents, or overcharging [14-16, 18, 25, 26, 49-66].  The 

lithium involved in this may be lost due to its high reactivity with the electrolyte solvent and salt 

molecules.  This reaction can produce Li2Co3, LiF and other useless compounds, accelerating 

aging and deteriorating safety [67, 68].  Lithium plating will be discussed further in the 

introduction of Chapter 3.  

 

Table 1-1. Main degradation processes of Li-ion batteries. [27]  

 

Degradation process Consequences Enhanced by Typical reactions 

Negative electrode    

SEI forms due to 

electrolyte reduction 

during first few 

cycles 

Irreversible capacity 

loss; 

Gas generation 

 





2
3COpropylene2ePC [69] 







2
3COethylene2eEC * 

   

Continuous 

electrolyte 

decomposition 

Capacity fade  

(loss of lithium); 

High temperatures; 

High SOC  

  LiOCOCHLiCHLieEC 22222  

[30, 70] 
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Impedance growth 

   

Lithium deposition Capacity fade; 

Impedance growth 

Overcharge; 

High charge rate 

Li(s)eLi 





[67] 

    

Positive electrode    

Structural 

disordering; 

Phase transitions 

Capacity fade  
x-xxx  2O}1Ni(III)}

2/
Ni(II)1Li{2LiNiO

 

2
O

4

O
2

Li

2

xx
  [3] 

    

Surface film 

formation 

Capacity fade; 

Impedance growth 

  

    

Others    

Electrolyte oxidation 

at positive electrode 

Capacity fade; 

Impedance growth 

Overcharge 

High temperature 

solvent oxidized products (gases, 

solution, and solid species) + ne
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1.2.2. Low Temperature Performance of Lithium-Ion Batteries 

Lithium ion batteries suffer from poor performance at low temperature [24, 71-75].  This 

is associated with poor electrolyte conductivity, slow Li diffusion, increased resistance of the SEI, 

and increased resistance to the kinetics of charge transfer [76].  One strategy to combat this is to 

alter the internal chemistry of the battery via electrolyte composition [18, 77-80], electrolyte 

additives [18-21, 63], or increasing interfacial area by using electrode materials with different 

morphologies [81].  These strategies can work to improve low temperature performance but at the 

cost of high temperature performance and cycle life.  Also, these only address the electrolyte 

related issues but do not mitigate solid-state diffusion in the electrodes. 

In order to improve the low temperature performance, pre-heating of the cell has been 

explored.  For most electric vehicles, there are two sources of heat: waste heat from the 

powertrain including motors, inverters and batteries or external resistive heaters [82].  This lends 

two strategies possible, internal heating via battery resistance or external heating though some 

fluid or resistors. 

Internal strategies that have been evaluated consist of internal mutual pulse heating [23], 

internal resistive heating [23], internal heating with frequency based on polarization voltage [83], 

and core heating with alternating currents (AC) [22, 23, 84-86].  External heating strategies 

include using air, liquid or phase change materials for external convective heating [23, 82, 84] or 

external AC heating [22, 23].  Of these methods, it was found that for internal heating, convective 

heating was the quickest while mutual pulse heating consumed the lowest energy while providing 

uniform heating.  For the external methods, AC heating was able to provide uniform heating and 

could utilize an external power source if available.  These heating methods tend to be time and 

energy consuming and can require complicated heating circuits, reducing the energy density of 

the battery [22, 23, 84].  Recent work by Wang et al. has developed a novel internal heating 
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strategy utilizing a nickel foil embedded in the cell which acts as a resistive heater [87-91].  As 

shown in [87], heating from -20 to 0 
o
C requires only 20 seconds and consuming 3.8% of the 

battery’s capacity.  It was shown that this new technology provides excellent reliability and 

durability as these cells lasted 500 cycles at -30 
o
C, 2500 cycles at 25 

o
C, and 1000 cycles at 45 

o
C.  
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Chapter 2  
 

Electrochemical Cycle-Life Characterization of High Energy Lithium-ion 

Cells with Thick Li(Ni0.6Mn0.2Co0.2)O2 and Graphite Electrodes 

This chapter published as Y. Leng, S. Ge, D. Marple, X.G. Yang, C. Bauer, P. Lamp, and 

C.Y. Wang, "Electrochemical Cycle-Life Characterization of High Energy Lithium-ion Cells with 

Thick Li(Ni0.6Mn0.2Co0.2)O2 and Graphite Electrodes," Journal of the Electrochemical 

Society, Vol. 164, pp. A1037-1049, 2017.  YL and DM performed experimental studies and 

discussed contents, SG, DM and XGY fabricated the cells, YL drafted the manuscript and DM 

revised the manuscript. 

2.1 Introduction 

Li-ion batteries are considered one of the promising power systems for plug-in and pure 

electric vehicles (EV) due to their relatively high energy and high power densities.
1
 In order to 

further increase the driving range of electric vehicles, it is desirable to improve the energy density 

of Li-ion batteries. There are two ways to improve the energy density of Li-ion batteries: improve 

and utilize high-capacity electrode materials, such as Ni-rich Li(NixMnyCoz)O2 (NMC) (x+y+z=1, 

x≥0.5) layer oxides
2-5

 and Li-rich layered oxides
6, 7

 used as positive electrode materials, Si-based 

composites
4, 6

 and Li metal
8, 9

 used as negative electrode materials; and increase the portion of 

active electrode materials contributing to the cell energy while minimizing the portion of non-

active components, such as separators and current collecting foils, through optimization of cell 

design
10-12

. In the latter category, high active material loading or thick electrode is a major 

direction. In the present paper, Li-ion batteries with thick graphite anodes and thick Ni-rich NMC 

cathodes will be explored for near-term EV batteries.  

Cycle life is a major limitation for ultra-thick electrodes in high energy density 

batteries, among other concerns of power density, low temperature performance and fast-
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charging capability.
10

 For EV applications, the battery should last for more than 10 years 

for customer acceptance. In the past two decades, extensive effort has been made to 

improve the cycle life of Li-ion batteries and understand their degradation mechanisms, 

especially for high power Li-ion batteries.
13-18

 Capacity fade and power fade have been 

reported to be two main types of degradation of Li-ion batteries.
17, 18

 There are several 

main factors associated with the capacity fade of Li-ion batteries including the 

formation/growth of SEI layer on the graphite anode/electrolyte interface
13, 14, 19

, the loss 

of active electrode materials due to structural and chemical instability (e.g. volume 

change, phase transition, and dissolution)
14

, and Li plating at low temperature or over-

charge conditions
13, 14, 20, 21

. These processes lead to the consumption of cyclable Li, and 

thus a decrease in cell capacity. The power fade of Li-ion batteries is mainly associated 

with the internal impedance rise. A lot of factors are attributed to the cell impedance rise 

including the formation/growth of SEI layer on graphite anode/electrolyte interface
13, 14, 

19
, the formation/growth of passivation layers at cathode/electrolyte interface

13, 14
, the loss 

of the contact between cell components
14

, the reduction of the conductivity of 

polyvinylidene fluoride (PVDF)-carbon composite binder
22

 and the reduction of 

electrolyte conductivity caused by the electrolyte decomposition
14

. Moreover, power fade 

of Li-ion batteries will lead to an additional capacity fade by lowering the operating 

voltage range. The degradation mechanisms of Li-ion batteries also depends on the cell 

chemistry
17, 23

, electrode structure, and operating conditions
20, 24, 25

. For example, high 

energy Li-ion batteries with thick electrodes may age differently than high power 

counterparts with thin electrodes. However, there are few reports on the investigation of 

degradation mechanisms for thick-electrode, high-energy Li-ion batteries in the literature. 
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Li(Ni1/3 Mn1/3Co1/3)O2 (NMC111) has already been commercialized for EV applications 

due to its relatively high capacity, low cost and excellent safety characteristics.
3
 However, its 

specific capacity is only 150~160 mAh/g, which is still not high enough for next-generation EV 

applications.
3
 Ni-rich NMC layered oxides can deliver higher capacity than NMC111 and 

potentially increase the energy density of lithium ion batteries. However, with increasing Ni 

content, Ni-rich NMC shows worse rate capability and poor stability. Great effort has been made 

to improve the stability and cycle life of Ni-rich NMC materials. For example, the stability and 

cycle life of Ni-rich NMC materials can be improved by surface modification/coating
26, 27

, core-

shell structure
28, 29

 and concentration-gradient structure
5, 30, 31

. Most of the work on the evaluation 

of the cycle life of Ni-rich NMC materials has been done in either coin cells
3, 5, 31

 or small pouch 

cells
5
, and little work about the cycle life of Ni-rich NMC in large-format pouch cells has been 

reported in the literature
10

. 

In this work, a set of high-energy pouch cells consisting of thick Li(Ni0.6Mn0.2Co0.2)O2 

(NMC622) cathodes and thick graphite anodes are cycled under 1C-rate charge and 2C-rate 

discharge at room temperature. A typical electrolyte solution such as 1.0 M lithium 

hexafluorophosphate (LiPF6) in the mixture of ethylene carbonate (EC) and ethyl methyl 

carbonate (EMC) with a small amount of vinyl carbonate (VC) additive will be used since the 

cycle test will be performed under a typical voltage window of 2.8-4.2 V. Fresh and cycling aged 

cells at different cycle numbers will be diagnosed in two-electrode and in-situ three-electrode 

cells. 
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2.2 Experimental 

2.2.1 Cell Fabrication 

We fabricated ~3.3 Ah pouch cells using LiNi0.6Mn0.2Co0.2O2 (Umicore) as positive 

electrodes and graphite (Nippon Carbon) as negative electrodes with 1.0 M LiPF6 dissolved in 

EC/EMC (3:7 by wt.) + 2 wt. % VC as electrolyte (BASF). The negative-to-positive (N/P) 

capacity ratio was designed at 1.2. The pouch cells contained 14 layers of negative electrodes and 

13 layers of positive electrodes. A Celgard-2325 separator, 25 m in thickness, was used. The 

negative and positive electrodes were fabricated using the same method as reported by our group 

before
32, 33

. The loadings of NMC622 in the positive electrode and graphite in the negative 

electrode were ~19.4 and ~12.1 mg/cm
2
, respectively; and the total thickness of the double-sided 

positive and negative electrodes (including Cu or Al foil) was ~149 and ~175 m, respectively.  

The designed reversible capacity based on the total positive electrode area was ~3.1 mAh/cm
2
. 

Each pouch cell had a 81 mm  55 mm footprint area, weighed 64.5 grams, and had a 3.3 Ah 

nominal capacity (related to which all C-rates in this work are given) with specific energy greater 

than 200 Wh/kg estimated at a size of 10 Ah or larger. In this work, all cells are high energy 

pouch cells with thick NMC622 and thick graphite electrodes except specifically stated. 

2.2.2 Initial Screening 

After a formation process, 20 pouch cells were screened. An initial rate capability test of 

all fresh pouch cells was performed at room temperature to examine the discharge capacity as a 

function of discharge C-rate. A multi-channel Arbin battery testing system (Model: BT 2000 with 

32 channels, Arbin Instruments, USA) was used for the initial rate capability test. The initial rate 
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capability test included five charge/discharge cycles with the same charge process and five 

different discharge C-rates: C/3, 1C, 2C, 3C and 5C. First, the pouch cells were charged using a 

constant current/constant voltage (CC/CV) protocol, i.e. the cells were charged at 1C-rate current 

to 4.2 V, and then were held at 4.2 V until the measured current dropped below C/20-rate. After 

resting for 30 min, the cells were discharged until the cut-off voltage of 2.8 V was reached. After 

the initial performance check, 10 “very similar” cells were selected for cycle aging test. We 

assume that the cells with close discharge capacities under the same C-rate and similar high-

frequency resistances (HFR) are “very similar”. 

2.2.3 Cycle Aging Tests 

Cycle aging tests of the 10 pouch cells were performed using a multi-channel LAND 

instrument battery testing system (Model CT2001B-5V-10A, Land Instruments, China) at room 

temperature. The cycle aging test protocol for each cycle included five steps: (1) a charge to 4.2 

V at a 1C-rate, (2) a charge at a constant voltage of 4.2 V until the measured current dropped 

below C/10-rate, (3) a rest for 5 minutes, (4) a discharge to 2.8 V at a 2C-rate, and (5) a rest for 

another 5 minutes before going to the next cycle. When the cells reached a specific cycle number 

(for example, 300, 500, 1000 and 1500 cycles, etc.), the cycle aging test of one of the cells was 

stopped. Finally, 10 aged cells at varying cycle numbers were obtained. Please note that in this 

work, all aged cells refer to the cells that have been aged by cycling. 
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2.2.4 Diagnostic Tests 

Two electrode and in-situ three-electrode diagnostic tests for the fresh and aged cells 

were performed to examine the cell performance decay and identify degradation mechanisms. In 

the literature, post-mortem analysis of aged Li-ion batteries as a very useful ex-situ method is 

often used to obtain chemical, structural and electrochemical change of electrode materials upon 

aging and identify the factors for the degradation.
16, 20, 34-36

 For electrochemical post-mortem 

analysis, re-constructed coin cells including half-cells and 3-electrode full cells with a Li 

reference electrode were fabricated from selected parts of aged electrodes. This kind of ex-situ 

electrochemical method allows us to obtain the electrochemical performance of the cell including 

remaining material capacity as well as impedance of aged positive and negative electrodes, 

respectively. However, during the reconstruction process, the interface between electrode and 

electrolyte and electrode microstructure may change. In this work, we will use an in-situ three-

electrode method developed by our group
17

 to measure positive and negative electrode potentials 

along with full cell voltage during the charge/discharge performance test, and also measure the 

impedance of the individual electrodes and full cell. This in-situ three-electrode method does not 

change the interface between electrode and electrolyte and electrode microstructure, and also 

provides a way to obtain the electrochemical performance and impedance of individual electrodes 

for whole cells. 

For the three-electrode diagnostic tests, a fully discharged cell (discharged to 2.7 V at 

0.1C-rate) was partially opened along the edge of one side in an argon filled glove box and then 

assembled into a fabricated three-electrode cell holder with a lithium-metal reference electrode. 

The three-electrode cell holder was fabricated based on our previous design
17

, which was 

modified in order to fit the size and shape of the pouch cells used in this work. The pouch cell 

was placed in the three-electrode cell holder, which was filled with the same fresh electrolyte 
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solution as that for fresh cells. A copper wire with one end flattened was fitted in polyethylene 

tubing, and a piece of lithium metal was cold-welded to the flat surface to form a lithium 

reference electrode.
17

 The other end of the copper wire was used as an electrical contact with a 

cable. The lithium reference electrode was then inserted into the fitting in the cell holder. Two 

terminals were inserted into the fittings in the cell holder and tightly contacted the positive 

electrode tab as positive voltage and current probes, while another two terminals were inserted 

into the fittings in the cell holder and tightly contacted the negative electrode tab as negative 

voltage and current probes. 

Two-electrode diagnostic tests included rate capability tests at room temperature, 1C 

discharge capacity tests at three different temperatures (40/0/-10 C), and impedance tests at 

room temperature. A multi-channel Arbin battery test system (Model: BT 2000 with 6 channels, 

Arbin Instruments, USA) and a Modulab electrochemical test system (Solartron analytical, 

United Kingdom) were used for the capacity and impedance tests, respectively. An environmental 

chamber was used to control different ambient temperatures for the diagnostic test, except for 

room temperature. The test protocol for the capability test of aged cells was the same as that for 

initial rate capability test of fresh cells. For the capacity tests at different ambient temperatures, 

the cells were fully charged using CC (1C-rate)/CV (4.2 V) charging protocol at room 

temperature, and then the cells were discharged at required ambient temperature until a cut-off 

discharge voltage of 2.8 V was reached. For impedance tests at room temperature, the cells were 

fully charged and then discharged to ~90 % SOC at C/2-rate. After the cells were balanced for at 

least two hours at ~90 % SOC, impedance test was performed with an AC voltage amplitude of 5 

mV in the frequency range of 50 kHz to 0.005 Hz. 

Three-electrode diagnostic tests included rate capability test at 25 C and impedance tests 

at two different ambient temperatures (25 and -10 C). The three-electrode diagnostic tests were 

performed for a fresh and two selected aged cells. A multi-channel Arbin battery test system 
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(Model: BT 2000 with 6 channels, Arbin Instruments, USA) was used for the three-electrode rate 

capability tests at 25 C. The test protocol for three-electrode rate capability tests was the same as 

for the two-electrode rate capability tests. During the three-electrode rate capability tests, two 

auxiliary channels were used to simultaneously record the positive and negative electrode 

potentials. A Modulab electrochemical test system combined with an environmental chamber was 

used to perform the impedance tests. For the impedance tests, the cells were fully charged using 

CC (C/2-rate)/CV (4.2 V) charging protocol, and then were discharged to ~80 % SOC using a 

C/2-rate at 25 C. After the cells were balanced at ~80% SOC and required ambient temperature 

for at least four hours, impedance tests were performed for full cell, positive electrode and 

negative electrode in the frequency range of 50 kHz to 0.005 Hz. 

2.3 Results and Discussion 

2.3.1 Beginning-of-Life (BOL) Performance 

Figure 2-1a shows the discharge performance as a function of C-rate for a fresh cell at 

room temperature. The cell can achieve a C/3 discharge capacity of 3.20 Ah and a C/3 discharge 

energy of 11.65 Wh, which corresponds to a Coulombic efficiency of ~ 99.3% (vs. a charge 

capacity of 3.22 Ah) and an energy efficiency of ~ 91.9% (vs. a charge energy of 12.67 Wh). If 

extrapolating the same electrodes and cell components to a 10 Ah or larger cell, the cell energy 

density can reach >200 Wh/kg. One can also find that the rate capability of the fresh cell is very 

poor, which is typical for a high energy cell.  For example, at room temperature, the discharge 

capacities under 1C, 2C, 3C and 5C are 3.10, 2.07, 1.15 and 0.28 Ah, which are 96.9%, 64.7%, 

35.9% and 8.8%, respectively, of the C/3 discharge capacity. It is believed that the poor rate 

capability for a high energy cell is related to high internal cell resistance due to large resistance 
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for Li ion transport within the thick electrodes. For a high energy cell, low temperature 

performance is also poor, as shown in Figure 2-1b. At 0, -10 and -25 C, the cell can deliver 1C 

discharge capacities of 2.12, 1.35 and 0.35 Ah, which are corresponding to 68.4%, 43.5%, and 

11.3% of the 1C discharge capacity at room temperature, respectively. The poor performance at 

low temperatures for a high energy cell is attributed to reduced conductivity of the electrolyte 

through the separator and inside the thick electrodes, limited lithium solid diffusivity in the 

electrode material particles and significantly increased charge-transfer resistance on the 

electrolyte-electrode interface.
37, 38

 In addition, with increasing temperature from room 

temperature (~23 C) to 40 C, 1C discharge performance improves slightly. In order to separate 

positive and negative electrode contributions from the full cell performance, the measurement of 

the capacity and impedance in a three-electrode cell was performed, as shown in Figures 2-1c and 

2-1d, respectively. From Figure 2-1c, one can find that the difference between the positive and 

negative electrode potentials is almost the same as the full cell voltage at the same relative 

capacity (i.e. depth of discharge, DOD). In addition, the cell measured in a three-electrode cell 

can deliver a C/3 discharge capacity and energy of ~3.17 Ah and ~11.58 Wh, respectively, which 

are almost the same as those measured in a two-electrode cell (Figure 2-1a). Moreover, the profile 

of the positive and negative electrode potentials as functions of DOD is consistent with the results 

for either half-cells or full cells with Li reference electrodes as reported in the literature.
17, 39, 40

 

The results shown in Figure 2-1c implies that our three-electrode method can be used to 

effectively separate the positive and negative electrode potentials from full cell voltage during 

charge-discharge cycle, and the installation of Li reference electrode has no negative effect on the 

measurement of full cell voltage or cell charge/discharge capacity and energy. Moreover, as 

evidenced by Figure 2-1d, the sum of the positive and negative electrode impedances is almost 

the same as full cell impedance in the frequency range from 10 kHz to 0.005 Hz. However, there 

is some deviation of the sum of the positive and negative electrode impedance from the full cell 
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impedance in the very high frequency range (>10 kHz), which is due to the different effects of 

inductance behavior on the positive/negative electrode and full cell impedances. In addition, at 25 

C, the cell impedance at 80% SOC is dominated by the positive electrode impedance, while the 

negative electrode impedance is quite small. This implies that the rate capability of a high energy 

cell mainly depends on the positive electrode. 

Figure 2-2 shows the effect of C-rate on full cell voltage and positive and negative 

electrode potentials as functions of relative capacity measured in a three-electrode cell during 1C 

charge-C/3 discharge process for a fresh cell at 25 C. Capacity was normalized based on the C/3 

discharge capacity of 3.17 Ah measured in the three-electrode cell. It is confirmed that for a high 

energy cell, rate capability of the cell mainly depends on the positive electrode. At 25 C, since 

the kinetics of graphite negative electrode are fast, the negative electrode potential changes 

slightly with increasing C-rate from C/3 to 3C. Moreover, due to the sluggish kinetics of the 

NMC622 positive electrode, the decrease in full cell voltage with increasing C-rate mainly comes 

from the decrease in the positive electrode potential. This result is consistent with the three-

electrode impedance test shown in Figure 2-1d. 
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Figure 2-1. Beginning-of-Life (BOL) performance of a high energy NMC622/graphite cell with 

200 Wh/kg: (a) discharge performance under different C-rate at room temperature (~23 C) ; (b) 

temperature effect on 1C discharge performance; (c) separation of positive and negative electrode 

potentials from full cell voltage in a three-electrode cell during 1C charge-C/3 discharge process 

at 25 C (Note: Capacity is normalized based on the C/3 discharge capacity measured in a three-

electrode cell: 3.17 Ah); (d) separation of positive and negative electrode impedance from whole 

cell impedance in a 3-electrode cell at 25 C (Note: impedance has been normalized based on 

total positive electrode area of 1055 cm
2
). 
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Figure 2-2. Effect of C-rate on (a) full cell voltage, (b) positive and (c) negative electrode 

potentials during 1C charge-C/3 discharge process for a fresh high energy NMC622/graphite cell 

at 25 C. (Note: Capacity is normalized based on the C/3 discharge capacity of 3.17 Ah measured 

in a three-electrode cell). 
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2.3.2 Capacity Fade 

The change of C/3 discharge capacity and capacity retention upon cycling is used to 

describe the capacity fade with cycle aging. Capacity retention is defined as the ratio of the 

discharge capacity of an aged cell at a certain cycle number to that of a fresh cell. Figure 2-3 

shows 1C charge-C/3 discharge curves and C/3 capacity retention as a function of cycle number 

for the cells. During the initial stage (within 66 cycles), there is ~7.3% loss in the C/3 discharge 

capacity, while almost no power fade is observed.  During the secondary stage (from 66 to 1000 

cycles), there is gradual capacity loss and power fade with cycle number. The capacity retention 

drops by ~5% (from 92.7 to 87.7%) from 66 to 1000 cycles. However, after 1000 cycles (final 

stage), the capacity decay becomes fast and power fade becomes significant. The decay rate in the 

C/3 capacity retention during initial, secondary, and final stages is 11.06%, 0.54% and 3.46% per 

100 cycles, respectively. In the case of C/3 discharge performance, there is almost no effect of 

power fade on the capacity fade since the aged cell capacity is still limited by a diffusion process. 

We will focus on capacity fade in this section and discuss power fade later.  

For a comparison, another batch of high energy pouch cells with thick NMC111 

(Umicore) cathodes and thick graphite anodes were fabricated with the same procedure. The 

NMC111/graphite cells have similar electrode thickness, loading and cell size to 

NMC622/graphite cells except for the cathode materials. C/3 capacity retention at room 

temperature as a function of cycle number of high energy NMC111/graphite cells is also shown 

in Figure 2-3b. The trend in the capacity decay with cycle number for the NMC111/graphite cells 

is similar to that for the NMC622/graphite cells. Since NMC622 materials are less stable than 

NMC111
3
, cycle life for the NMC622/graphite cells is shorter than that for the NMC111/graphite 

cells (1419 vs. 1860 cycles with capacity retention of 75%) as expected. This implies that the 

NMC622/graphite cells should have a similar degradation mechanism to the NMC111/graphite 
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cells. In the literature, the degradation mechanisms for lithium ion cells with NMC111
41-43

, 

Li(Ni0.5Mn0.3Co0.2)O2 (NMC532)
44

, NMC111/LiMn2O4 blend
16, 20

, and NMC532/LiMn2O4 blend
45

 

cathodes have been well documented. In these reported work, the capacity fade of these cells with 

NMC-based cathodes is mainly attributed to the loss of cyclable lithium caused by SEI layer 

formation/growth at the anode, and loss of active materials at the cathode. Similar degradation 

mechanism has also been proposed for lithium ion cells with other cathode materials
14, 19, 34, 46

. For 

example, Snyder et al.
19

 found that the entirety of capacity loss up to 80 cycles in 

LiCoO2/graphite cells can be attributed to the loss of lithium inventory caused by SEI formation 

and repair. Therefore, for the NMC622/graphite cells studied in this work, the sharp decrease in 

C/3 capacity retention during the initial stage is considered to be due to the loss of cyclable 

lithium caused by the quick growth of solid-electrolyte interphase (SEI) layer on the graphite 

negative electrode. Gradual decrease in C/3 capacity retention during the secondary stage is 

attributed to continuously slow growth of the SEI layer at the surface of graphite negative 

electrode and loss of active materials on the positive electrode. During the final stage, significant 

drop in C/3 capacity retention is believed to be due to lithium plating. Lithium plating has been 

considered as one of the main reasons attributed to the abrupt capacity fade during the final stage 

in the literature.
13, 23, 24, 34, 42

 For example, Schuster et al.
24

 reported that the abrupt capacity fade 

after the “turning point” from linear to non-linear aging characteristics is due to aging induced 

lithium plating, which may originate from reduced ionic kinetics of the graphite negative 

electrode as a result of SEI growth and the loss of graphite active materials. Burns et al.
42

 

believed that electrolyte oxidation products are produced at the positive electrode and migrate to 

the negative electrode where they are reduced as a solid layer of unwanted materials on the front 

surface of the negative electrode; moreover, after a sufficient number of cycles the layer of 

unwanted materials becomes thick enough to significantly reduce ion transport to the bulk of the 
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negative electrode, which leads to large kinetic issues when trying to cycle the cell and 

subsequent lithium plating. 

 

 

 

Figure 2-3. (a) 1C charge and C/3 discharge curves of aged cells (Note: Capacity is normalized 

based on the C/3 discharge capacity of 3.20 Ah for a fresh cell), and (b) C/3 capacity retention at 

room temperature (~23 C) as a function of cycle number for high energy NMC622/graphite 

cells. For a comparison, C/3 capacity retention at room temperature as a function of cycle number 

for high energy NMC111/graphite cells with similar electrode thickness, loading and cell size 

fabricated with the same procedure is also shown in Figure 2-3b. 
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2.3.4 Power Fade 

Figure 2-4a shows 1C charge-1C discharge performance of fresh and aged cells at room 

temperature. One can find that within 313 cycles, there is almost no power fade in the case of 1C 

discharge and cell performance decay is mainly the capacity fade. However after 313 cycles, 

there is a significant power fade upon further cycle aging, especially from 904 to 1500 cycles. In 

order to identify whether the power fade comes from either the positive or negative electrode, 

three-electrode diagnostic tests were performed for a fresh and two aged cells with 904 and 1500 

cycles. Figures 2-4b, 4c and 4d show full cell voltage, positive and negative electrode potentials, 

respectively, as a function of discharge capacity during the 1C discharge process for fresh and 

aged cells at 25 C. It is noted that the performance of the aged cell at 1500 cycles improves 

when it was measured in a three-electrode cell, compared with a two-electrode cell. This kind of 

performance improvement is due to the reduction in contact resistance and the use of fresh 

electrolyte solution in the three-electrode cell. We will discuss this issue in detail later. Table 2-I 

summarizes the average full cell voltage and positive and negative electrode potentials measured 

in a three-electrode cell during 1C discharge step at 25 C. In the case of 1C discharge, the power 

fade of the cell upon aging mainly comes from the positive electrode. For example, after cycle 

aging for 904 cycles, the average full cell voltage decreases by ~91 mV, which mainly comes 

from the decrease in the average positive electrode potential (~93 mV), while the average 

negative electrode potential changes minimally. After cycle aging for 1500 cycles, the average 

positive electrode potential decreases by ~180 mV, while the average negative electrode potential 

decreases by ~19 mV. This implies that the power performance of positive electrode is worsen, 

while that of negative electrode is improved. The improvement in the performance of negative 

electrode may be related to increased electrochemical reaction area of negative electrode 

materials caused by the dramatic crack propagation of graphite negative electrode materials, as to 
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be confirmed by three-electrode impedance tests at -10C later. Therefore, the average full cell 

voltage decreases by ~162 mV, which also mainly comes from the positive electrode. 

Generally, power fade of a Li-ion cell upon aging is directly related to the impedance rise 

of the cell. In order to identify the degradation mechanism for the cell power fade, the impedance 

of fresh and aged cells was measured at 90% SOC and room temperature in a two-electrode cell, 

as shown in Figure 2-5a. For most of the aged cells (at ≥313 cycles), there are two obvious arcs 

located in the high-frequency and medium-frequency regions, followed by a Warburg diffusion 

impedance (a straight line) located in low-frequency region. While for the fresh cell and aged cell 

at 66 cycles, the two arcs in the high- and medium- frequency regions are overlapped. From the 

impedance test of a fresh cell (Figure 2-1d) and that for aged cells at 904 and 1500 cycles in a 

three-electrode cell, Figure 2-6, it was confirmed that the full cell impedance mainly comes from 

the positive electrode. High-frequency arc is attributed to the migration of Li ion through the 

surface film formed/grown on the positive electrode active materials
41, 47, 48

 and/or electronic 

transport in the electrode
49, 50

, while the medium-frequency arc is related to the charge-transfer 

reaction
47, 48, 50

.The Warburg diffusion impedance in the low-frequency region is related to Li 

solid diffusion in the active materials and electrolyte salt diffusion process.
17, 37, 51

 An equivalent 

circuit with two time constants (Figure 2-5b) was proposed and used to fit the experimental 

impedance data in the high- and medium-frequency region.  In the equivalent circuit, L is the 

high-frequency inductance due to cable wires; Rohm is ohmic resistance from the electrodes, 

electrolyte, separator, current collector and the contact between cell components; CPE1 and R1 are 

constant-phase-element (CPE) and resistance related to the Li migration through the surface film 

and/or electronic transport in the positive electrode, respectively; and CPE2 and R2 are the CPE 

and charge-transfer resistance related to the charge-transfer reaction at the electrodes (the positive 

electrode mainly), respectively. The impedance of CPE is defined by the equation:  

ZCPE= A (jω)
n⁄ , where j is the complex number,  is the angular frequency, and A is the 
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coefficient of the impedance of CPE. The fitting parameter values for the cell impedance of fresh 

and aged cells at 90% SOC and room temperature are summarized in Table 2-II. The 

experimental impedance spectra of the cells and the fitted ones show good agreement for all fresh 

and aged cells, as illustrated in Figure 2-5a. Figure 2-5c shows the evolution of resistances related 

to different processes as a function of cycle number at room temperature for the cells. The ohmic 

resistance (Rohm) and charge-transfer resistance (R2) are both nearly constant within 1000 cycles, 

and they gradually increases with cycle number after 1000 cycles. The resistance related to Li ion 

migration through surface film/electronic transport (R1) significantly increases with increasing 

cycle number from 0 to 1500 cycles, which is a result of the growth of surface film on the 

positive electrode active materials. After 313 cycles, the contribution of the resistances to the total 

cell resistance is in the order: resistance related to Li ion migration through surface 

film/electronic transport (R1) > charge-transfer resistance (R2) > ohmic resistance (Rohm), and the 

contribution of R1 becomes larger with more cycles. The total cell resistance (Rtotal), the sum of 

R1, R2 and Rohm, significantly increases with cycle number. For example, for an aged cell at 1500 

cycles, the total cell resistance is ~109 Ω cm
2
, more than three times that for a fresh cell (~30 Ω 

cm
2
). Great increase in the cell resistance upon aging leads to a significant power fade, as shown 

in Figure 2-4.   

Three-electrode impedance tests for fresh and aged cells were performed in order to 

explore how the change of the positive and negative electrode impedance upon aging affects the 

cell impedance rise. Figure 2-6 shows a comparison of the full cell, positive electrode and 

negative electrode impedances at 80% SOC and 25 C among fresh and two aged cells with 904 

and 1500 cycles. One can find that the positive electrode dominates the full cell impedance, for 

both fresh and aged cells. Compared with the positive electrode impedance, the negative 

electrode impedance is small and can be neglected. The same equivalent circuit shown in Figure 

2-5b was used to fit the cell and positive electrode impedance spectra (except for Warburg 
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diffusion impedance in the low-frequency region) measured in a three-electrode cell. Please note 

that in the case of positive electrode impedance, Rohm is ohmic resistance of a half-cell 

consisting of positive electrode, CPE1 and R1 are related to Li ion migration through surface film 

on the positive electrode active materials and/or electronic transport in the positive electrode, and 

CPE2 and R2 are related to the charge-transfer reaction at the positive electrode. The 

experimental impedance spectra of the full cells and positive electrodes and the fitted ones show 

good agreement for the fresh and aged cells, as illustrated in Figure 2-6a and 6b. The fitting 

parameter values for the full cell and positive electrode impedance as a function of cycle number 

at 80% SOC and 25 C are summarized in Table 2-III.  Figure 2-7 shows a comparison in the 

resistance related to different processes fitted from the impedance test data (Figures 2-6a and 6b) 

between full cell and positive electrode at 25 C. For fresh and aged cells, the resistance related to 

Li ion migration through the surface film/electronic transport (R1) and the charge-transfer 

resistance (R2) for the positive electrode are almost the same as those for the full cell. Moreover, 

with increasing cycle number, the increase in the resistance related to Li ion migration through 

the surface film/electronic transport (R1) and charge-transfer resistance (R2) for the positive 

electrode impedance followed almost the same trend as that for the full cell. In addition, the rise 

in cell impedance upon aging mainly comes from the increase in the positive electrode 

impedance. These results imply that the power fade of the cell upon aging is mainly due to the 

positive electrode including the increase in the resistance related to Li ion migration through the 

surface film/electronic transport, and the increase in its charge-transfer resistance, which is 

consistent with the discharge performance of the full cell and the positive electrode measured in a 

three-electrode cell (Figure 2-4).   
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Table 2-1. Average full cell voltage, positive and negative electrode potentials measured by a 3-

electrode cell during 1C discharge of fresh and aged high energy NMC622/graphite cells at 25 

C. 

 

Cycle 

number 

Average full cell voltage 

(V) 

Average positive 

electrode potential (V) 

Average positive 

electrode potential (V) 

fresh 3.527 3.754 0.229 

904 cycles 3.436 3.661 0.227 

1500 cycles 3.365 3.573 0.210 

 

 

  

Figure 2-4. 1C charge/1C discharge performance of aged cells measured in (a) a two-electrode 

cell at room temperature (~23 C) and (b, c, d) a three-electrode cell at 25 C. In three-electrode 

diagnostic test, (b) full cell voltage, (c) positive and (d) negative electrode potentials as a function 

of discharge capacity were measured simultaneously during the discharge process. 
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Table 2-2. . Fitting parameter values for the impedance spectra (excluding diffusion line part) of a 

fresh and selected aged cells measured under 90% SOC at room temperature using two-electrode 

configuration shown in Figure 2-5a.  

 

Cycle No. fresh 66 313 1000 1500 

L (mH cm
2
) 0.315 0.341 0.243 0.305 0.293 

    Rohm (Ω cm
2
) 9.17 9.97 9.30 9.54 16.4 

           R1 (Ω cm
2
) 8.06 11.6 18.2 38.0 63.8 

CPE1 
A1 (F cm

-2
) 5.96 4.18 2.78 1.99 2.09 

    n1 0.913 0.939 0.957 0.959 0.923 

           R2 (Ω cm
2
) 12.7 11.6 13.0 21.6 29.2 

CPE2 
 A2 (mF cm

-2
) 2.66 4.82 6.96 11.6 7.21 

    n2 0.561 0.526 0.504 0.472 0.541 

  Rtotal (Ω cm
2
) 29.9 33.1 40.5 69.1 109.3 

 

 

 

          (b) 
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Figure 2-5. (a) Cell impedance of a fresh and selected aged cells measured at 90% SOC and room 

temperature using two-electrode cell (symbols: experimental data, lines: fitted), (b) An equivalent 

circuit used for fitting cell impedance spectra shown in Figure 2-5a (Note: Warburg diffusion 

impedance showing a inclined line in the low frequency range isn’t included in the equivalent 
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circuit), (c) Evolution of resistances related to different processes as a function of cycle number at 

room temperature for high energy NMC622/graphite cells. (Note: impedance has been 

normalized based on total positive electrode area of 1055 cm
2
). 

 

 

 

 

Figure 2-6. A comparison of (a) full cell, (b) positive electrode and (c) negative electrode 

impedance measured at 80% SOC and 25 C (symbols: experimental data, lines: fitted) in a 3-

electrode cell among a fresh and two aged cells at 904 and 1500 cycles. 
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Figure 2-7. A comparison in the resistances related to different processes at 25 C between full 

cell (solid line + solid symbol) and positive electrode (dash line + open symbol) fitted from the 

impedance test data shown in Figure 2-6. (Note: impedance has been normalized based on total 

positive electrode area of 1055 cm
2
). 

 

 

Table 2-3. Fitting parameter values for the impedance spectra (excluding Warburg diffusion 

impedance) of a fresh and two aged cells (at 904 and 1500 cycles) measured at 80% SOC and 

room temperature in a three-electrode cell shown in Figures 2-6a and 6b.  

 

Cycle No. 
Fresh Aged, 904 cycles Aged, 1500 cycles 

cell positive cell positive cell positive 

L (mH cm
2
) 0.123 0.017 0.128 0.031 0.108 0.071 

    Rohm (Ω cm
2
) 7.26 6.47 7.62 5.57 7.86 7.41 

        R1 (Ω cm
2
) 9.65 8.68 38.1 37.7 56.8 56.9 

CPE1 
A1 (F cm

-2
) 2.04 1.28 2.27 1.94 1.82 1.77 

 n1 1.002 1.061 0.949 0.960 0.965 0.966 
        R2 (Ω cm

2
) 13.8 14.3 16.6 15.6 17.5 16.1 

CPE2 
 A2 (mF cm

-2
) 3.23 2.93 9.19 15.7 10.8 10.8 

 n2 0.485 0.465 0.526 0.444 0.466 0.512 
 Rtotal (Ω cm

2
) 30.7 29.5 62.3 58.8 82.1 80.5 
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2.3.5 Performance Fade at Low Temperature 

Figures 2-8a and 8b show 1C discharge performance of fresh and aged cells at 0 and -10 

C, respectively. Before the discharge, the cells are fully charged using CC (1C-rate) / CV (4.2 V) 

protocol at 25C. At both 0 and -10 C, there is not only a significant capacity fade, but also a 

great power fade upon aging, especially from 1000 to 1500 cycles. Compared with the power 

fade at room temperature, the power fade at low temperatures becomes more significant. Figure 

2-8c shows 1C discharge capacities as a function of cycle number at four different temperatures 

in the rage from 40 to -10 C. Generally, the capacity decay at lower temperature becomes faster, 

which is due to stronger effect of power fade on the 1C discharge performance. 

In order to identify the source of the significant power fade at low temperatures, 

impedance tests using the three-electrode configuration was performed at -10 C for fresh and 

aged cells. Figure 2-9 shows a comparison of the full cell, positive electrode and negative 

electrode impedances at 80% SOC at -10 C for a fresh and two aged cells at 904 and 1500 

cycles. In the case of full cell impedance (Figure 2-9a),  there is an arc, a diffusion line, another 

arc and a short inclined line related to Warburg diffusion impedance located in the high, medium, 

low and extra-low frequency regions, respectively. Compared with the full cell impedance at 25 

C (Figure 2-6a), an additional diffusion line appears in the medium-frequency region at -10 C. 

Since full cell impedance (real part and imaginary part) is theoretically the sum of positive 

electrode impedance and negative electrode impedance at every frequency, based on the analysis 

of the characteristic frequencies of the arcs and additional diffusion line that appeared in 

impedance spectra, it can be found that the high-frequency arc and the medium-frequency 

diffusion line of the full cell come from the positive electrode only. For the low-frequency arc, it 

is contributed by both positive and negative electrodes in the case of the fresh cell; while it 

mainly comes from the positive electrode and the contribution of the negative electrode is small 
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in the case of two aged cells. When temperature is reduced from room temperature to -10 C, due 

to slow lithium solid diffusion process in the particles of the electrode active materials and 

sluggish electrolyte salt diffusion in the electrodes, Warburg diffusion impedance becomes very 

large and a line related to Warburg diffusion impedance needs to be captured in extremely low 

frequency region. In this work, Warburg diffusion impedance appears as a short inclined line at -

10 C when frequency is swept to the low frequency limit of 0.005 Hz. In the case of positive 

electrode impedance at -10 C, similar impedance pattern to full cell impedance is observed. Like 

that at 25 C, the arcs in the high-frequency and the low-frequency region at -10 C are attributed 

to the Li ion migration through surface film formed/grown on the positive electrode active 

materials and the charge-transfer reaction, respectively, while the additional diffusion line in the 

medium-frequency region at -10 C may be due to the electronic transport in the positive 

electrode.
51-53

 Sun et al.
52, 53

 investigated the impedance of LiMn2O4 and LiNi1/3Co1/3Mn1/3O2 

cathodes and observed a similar phenomenon. In their work, the author also claimed that the 

high-frequency depressed arc at room temperature includes the contribution of electronic 

transport in the electrode
52

.  In the case of negative electrode impedance at -10 C, for a fresh cell, 

there is a small arc and a large arc in the high and low-frequency region, respectively, and an 

inclined line related to Warburg diffusion impedance in the extra-low frequency region; while for 

the two aged cells, the short inclined line related to Warburg diffusion impedance disappears. The 

high and low frequency arcs are attributed to the growth of solid-electrolyte interphase (SEI) 

layer and charge-transfer reaction at the negative electrode, respectively. The short inclined line is 

due to slow lithium solid diffusion in graphite particles and electrolyte salt diffusion in the 

negative electrode.
54

 

Two different equivalent circuits, as shown in Figure 2-10, were proposed to fit the 

impedance data (except for the inclined line related to Warburg diffusion impedance), one for the 



40 

 

full cell and positive electrode and one for the negative electrode. The equivalent circuit for the 

impedance spectra in the case of full cell and positive electrode consists of three different time 

constants besides an inductor L and an ohmic resistance Rohm. Specifically, a constant-phase 

element (CPE) (CPEMF) parallel with a resistance (RMF) was used to fit the additional diffusion 

line in the medium-frequency region for better fitting. R1 and CPE1 for high-frequency arc are the 

resistance and corresponding capacitance related to Li ion migration through surface film on the 

positive electrode active materials, RMF and CPEMF for the medium-frequency region are the 

resistance and corresponding capacitance related to electronic transport in the positive electrode, 

and R2 and CPE2 for the low-frequency arc are the charge-transfer resistance and double-layer 

capacitance. On the other hand, the equivalent circuit for the negative electrode impedance 

spectra consists of two different time constants besides an inductor L and an ohmic resistance 

Rohm. R1 and CPE1 for high-frequency arc are the resistance and corresponding capacitance 

related to the growth of SEI layer on the negative electrode, while R2 and CPE2 for low-frequency 

arc are the charge-transfer resistance and double-layer capacitance. The impedance spectrum of 

the negative electrode was fitted for the fresh cell only. It is very difficult to fit the impedance 

spectra for the negative electrode in the aged cells due to the complexity of their impedance data. 

Instead, charge-transfer resistance and total polarization resistance for the negative electrode in 

the case of aged cells were estimated directly from the impedance spectra. 
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Figure 2-8. 1C charge curves at 25 C and 1C discharge curves at required ambient temperature 

(a) 0 C and (b) -10 C, of aged cells, and (c) 1C discharge capacity as a function of cycle number 

at four different temperatures in the range from 40 to -10 C for high energy NMC622/graphite 

cells. 
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Figure 2-9. A comparison of (a) full cell, (b) positive electrode, and (c) negative electrode 

impedance measured at 80% SOC and -10 C (symbols: experimental data, lines: fitted) in a 

three-electrode cell among a fresh and two aged cells at 904 and 1500 cycles. 
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(a) Cell and positive electrode 

 

(b) Negative electrode 

 

 

Figure 2-10. Equivalent circuits for (a) cell and positive electrode, and (b) negative electrode used 

to fit cell impedance spectra shown in Figure 2-9. (Note: Warburg diffusion impedance showing a 

short inclined line in the low frequency range isn’t included in the equivalent circuits). 
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The impedance spectra of the full cell, positive and negative electrodes for a fresh and 

two aged cells at -10 C (Figure 2-9) were fitted using above-mentioned equivalent circuits 

(Figure 2-10). The fitting parameter values are summarized in Table 2-IV. The total resistance of 

cell/positive electrode at -10 C is dominated by charge-transfer resistance (R2) rather than the 

resistance related to lithium ion migration through surface film (R1), which is opposite to the case 

at 25 C. At 25 C (Figure 2-6 and Table 2-III), the resistance related to lithium ion migration 

through surface film/electronic transport dominates the total resistance, especially for aged cells. 

When temperature is lowered from 25 to -10 C, the charge-transfer reaction kinetics at the 

electrodes becomes more sluggish, leading to a larger contribution of charge-transfer resistance to 

the total resistance of the cell/positive electrode. Moreover, for a fresh cell, the charge-transfer 

resistance of the full cell is much larger than that of positive electrode at -10 C, which implies 

that both positive and negative electrode contribute the charge-transfer resistance of the full cell, 

which is also quite different from the case at 25 C, in which the negative electrode shows little 

contribution to the charge-transfer resistance of the full cell (Figure 2-6). With lowering 

temperature from 25 to -10 C, both of the charge-transfer resistances of the positive and negative 

electrodes significantly increase. However, due to their different activation energies related to 

charge-transfer process, the charge-transfer resistance of the negative electrode increases more 

significantly with decreasing temperature than that of the positive electrode, leading to higher 

contribution of the negative electrode to the charge-transfer resistance of the full cells at lower 

temperature. 

Figure 2-11 shows the ohmic resistance Rohm, the resistances (R1, RMF and R2) related to 

different processes, and total resistance of fresh and aged cells in the case of full cells and 

positive electrodes at -10 C. In the case of positive electrode impedance at -10 C, with 
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increasing cycle number from 0 to 1500 cycles, the total resistance of the positive electrode 

increased by 142 Ω cm
2
 (from 179 to 321 Ω cm

2
). With regard to the resistances related to 

difference processes on the positive electrode at -10 C, the effect of aging is different. For 

example, from 0 to 1500 cycles, charge-transfer resistance (R2) increased ~155 Ω cm
2
 (from 58.3 

to 213.6 Ω cm
2
); and the resistance related to Li ion migration through the surface film (R1) 

increased by ~54 Ω cm
2
 (from 7.63 to 61.6 Ω cm

2
); while the electronic transport resistance (RMF) 

decreased by ~70 Ω cm
2
 (from 102.3 to 32.0 Ω cm

2
). The increase in the resistance related to Li 

ion migration through the surface film is a results of growth of the surface film on the positive 

electrode active materials. Clearly, the significant increase in both charge-transfer resistance and 

the resistance related to Li ion migration through the surface film on the positive electrode active 

materials are two main factors for the increase in total resistance of the positive electrode at -10 

C. In the case of negative electrode impedance (Figure 2-9c and Table 2-IV), very surprisingly, 

the total resistance of the negative electrode at -10 C decreases by ~32 Ω cm
2
 (from 48.8 to 16.9 

Ω cm
2
) from 0 to 1500 cycles, which mainly comes from the decrease in its charge-transfer 

resistance. The decrease in the charge-transfer resistance on the negative electrode after aging 

may be related to the increase in electrochemical reaction area of negative electrode materials 

caused by the dramatic crack propagation of graphite negative electrode materials, which is 

consistent with the discharge performance of negative electrode in the thee-electrode cell (Figure 

2-4d and Table 2-I). At low temperatures such as -10 C, although the total resistance of the 

negative electrode decreases upon cycle aging, significant increase in the total resistance of the 

positive electrode upon aging leads to a great increase in the total resistance of the full cell. For 

example, from 0 to 1500 cycles, the total cell resistance at -10 C increased by ~81 Ω cm
2
 (from 

242.1 to 323.1 Ω cm
2
). Therefore, the power fade of the cell at low temperatures is mainly due to 

the impedance rise of positive electrode upon aging, especially the rising charge-transfer 
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resistance and the increasing resistance related to Li ion migration through the surface film on the 

positive electrode active materials. Zhang et al.
17

 investigated the aging behavior of Li-ion 

batteries with LiNi0.8Co0.15Al0.05O2 (NCA) positive electrode and graphite negative electrode and 

also found that the cell impedance rise comes mainly from the increase in the charge-transfer 

resistance and SEI layer resistance of the positive electrode. 

 

 

 

Figure 2-11. A comparison in the resistances related to different processes at -10 C between full 

cell (solid line + solid symbol) and positive electrode (dash line + open symbol) fitted from the 

impedance test data shown in Figure 2-9. (Note: impedance has been normalized based on total 

positive electrode area of 1055 cm
2
). 

 



 

 

 

 

. 

Table 2-4. Fitting parameter values for the impedance spectra (excluding Warburg diffusion impedance) of a fresh and two aged cells (at 904 

and 1500 cycles) measured at 80% SOC and -10 C in a three-electrode cell shown in Figure 2-9.  

 

Cycle No. 
Fresh Aged, 904 cycles Aged, 1500 cycles 

cell positive negative cell positive negative cell positive negative 

 L (mH cm
2
) 0.132 0.010 0.080 0.113 0.040  0.142 0.017  

   Rohm (Ω cm
2
) 10.90 10.94 0.23 12.9 10.5  14.3 13.8  

         R1 (Ω cm
2
) 7.35 7.63 2.76 39.6 38.4  61.4 61.6  

CPE1 
A1 (F cm

-2
) 2.06 1.00 9.73 1.83 1.89  1.55 1.27  

 n1 1.025 1.098 0.658 0.958 0.961  0.963 0.977  
  RMF (Ω cm

2
) 97.9 102.3  38.1 35.7  36.3 32.0  

CPEMF 
AMF (mF cm

-2
) 6.01 4.48  2.16 1.69  1.95 1.31  

 nMF 0.313 0.358  0.571 0.609  0.586 0.654  
R2 (Ω cm

2
) 125.9 58.3 45.8 148.8 145.3 ~13.7* 211.1 213.6 ~15.8* 

CPE2 
A2 (mF cm

-2
) 1.85 1.48 6.17 6.63 7.85  6.11 6.81  

 n2 0.754 0.904 1.056 0.915 0.915  0.920 0.939  
  Rtotal (Ω cm

2
) 242.1 179.2 48.8 239.5 229.8 ~18.1* 323.1 321.0 ~16.9* 

 

* Estimated by ruler



 

 

 

2.3.6 A Comparison of Cell Performance Measured in Three- vs. Two-Electrode Cells 

Figure 2-12 shows a comparison of the 1C charge-C/3 discharge performances of fresh 

and aged cells measured at room temperature (~23 C) between in two and three-electrode cells. 

There is almost no difference in the cell performance for a fresh cell and an aged cell at 904 

cycles. However, for an aged cell at 1500 cycles, the cell shows better C/3 discharge performance 

when measured in the three-electrode cell than in the two-electrode cell. For the same aged cell, 

similar results on 1C discharge performance were observed (Figures 2-4a and 4b). In general, a 

lithium-ion pouch cell is sealed under vacuum during cell fabrication and thus it is compact for an 

as-fabricated fresh cell. For a fresh cell, the contact of cell components is very intimate to reduce 

the contact resistance between cell components. However, during cell aging, SEI layer at the 

graphite negative electrode continuously grows with cycling, leading to the loss of cyclable 

lithium and possible gas evolution due to the reaction of lithium and electrolyte solvents. In 

addition, for high energy NMC622/graphite pouch cells studied in this work, significant lithium 

plating during the final stage of cycle life test occurs, leading to severe capacity fade (Figure 2-3). 

The deposited lithium on the surface of graphite negative electrode may also react with 

electrolyte solvents to thicken the SEI layer on the negative electrode and produce more gases. 

Recently, Matasso et al. 
55, 56

 reported that gases are produced for a commercial lithium-ion cell 

with LiCoO2/graphite electrode as products of the reduction of electrolyte solvents on the surface 

of negative electrode during SEI layer formation/growth and cracking formation/propagation, and 

identified that the gases generated during repeated cycling are CO, CO2, CH4, C2H6, and C3H8 

using gas chromatograph-mass spectrometry (GC-MS) analysis. For the aged cell at 1500 cycles, 

swelling of the pouch cell can be obviously observed by an eye and the gases produced inside the 

pouch cell can be easily detected by touch. A large amount of gas decreases the electrode stack 
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pressure, leading to the loss of the contact between cell components. Therefore, the aged cell at 

1500 cycles shows much higher ohmic resistance than other aged cells at cycles of ≤1000 when 

measured in a two-electrode cell (Figure 2-5a). For a three-electrode cell, when the cell was 

assembled, the gases produced inside the pouch cell have been released and the pouch cell has 

been compressed by the setup. Moreover, the three-electrode pouch cells is soaked in a fresh 

electrolyte solution. Very interestingly, there is almost no change in the ohmic resistance among 

fresh and aged cells in a three-electrode cell (Figures 2-6a and 2-9a). Lowering the ohmic 

resistance and strengthening the contact between cell components from two- to three-electrode 

cell together with the use of a fresh electrolyte solution in three-electrode cell lead to an 

improvement in cell performance (discharge capacity and power) measured in a three-electrode 

cell. 
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Figure 2-12. A comparison in 1C charge-C/3 discharge performance of fresh and aged cells 

measured at room temperature (~23 C) between in three-electrode (3E) (solid lines) and two-

electrode (2E) (dash lines) cells. 
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2.4 Conclusions 

 

Capacity and power fade during cycle-life testing at room temperature were examined for 

high energy lithium-ion pouch cells with thick NMC622 cathodes and thick graphite anodes. The 

cells experience significant capacity and power fade upon aging. The cells exhibits a cycle life of 

~1419 cycles at capacity retention of ~75%. A number of factors may contribute to the capacity 

fade including the loss of cyclable lithium due to the growth of SEI layer, loss of active electrode 

materials and lithium plating. The power fade of the cell is mainly due to degradation of the 

positive electrode including the growth of surface film on the positive electrode active materials 

and the increase in charge-transfer resistance. In order to further improve cycle life of high energy 

NMC622/graphite lithium-ion batteries, it is necessary to avoid lithium plating and prevent rapid 

growth of SEI layer on graphite anode during repeated cycling, and increase stability of NMC622 

electrodes and active materials. 
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Chapter 3  
 

Utilizing Research-Type Lithium-Ion Batteries to Gain a Better 

Understanding of Lithium Plating 

3.1 Motivation 

The previous chapter elucidated some information about what degradation mechanisms 

can cause Li-ion batteries to die.  Of particular interest is the mechanism of lithium plating on the 

graphite anode of these cells.  This leads to a premature death of these high energy Li-ion cells 

and if this could be mitigated, then perhaps the cycle life of these cells could be extended.  This 

chapter will seek to gain a better understanding of the lithium plating mechanism and what factor 

or factors are most critical to this issue. 

3.2 Introduction 

Lithium cyclability is affected by numerous aging phenomena that decrease battery 

performance over time.  Some of the common mechanisms include side reactions, formation of 

interfacial layers (electrode/electrolyte reactions) leading to increased internal resistance, loss of 

active material in the electrodes, and loss of contact between the electrode and current collector 

[1].  The most commonly studied degradation mechanism, formation of the solid-electrolyte 

interface (SEI) layer, has been shown to grow in thickness as temperature increases [2-7]. It has 

also been shown that as temperature decreases, approaching 0 
o
C and below, a different aging 

mechanism becomes dominant [8].  The mechanism believed to be dominant at sub-zero 
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temperatures is lithium deposition on the surface of the graphite anode.  This plated lithium not 

only consumes cyclable lithium, but can cause serious safety issues [9]. 

Lithium plating has been studied by various groups over the past decade including 

charging strategies [10], quantifying [11-13], suppression by surface modification [14], design 

parameters [15], material studies [16-20] and modeling [21, 22]. It is widely accepted that lithium 

plating can occur during high current charging, at high state-of-charge or overcharging, and 

charging at low temperatures [10].  Lithium plating occurs when the anode potential drops below 

0 V Li/Li
+
, when the reduction of lithium ions to metallic lithium competes with the intercalation 

of lithium into graphite.  Graphite is more susceptible to lithium plating because it’s operating 

potential when fully lithiated is around 0.1-0.2 V Li/Li
+
.  During high current charging, increased 

overpotentials can cause the anode potential to drop into the window of favorable lithium plating, 

which can occur at temperatures greater than 0 
o
C.  The same potentials can occur during 

charging at low temperatures due to reduction of intercalation kinetics [23].  Studies have shown 

that certain design considerations can be implemented to suppress any lithium plating [15, 21].  

These studies show that if there is excess anode material, both in capacity and in footprint area, 

lithium plating is less likely to occur.  Others have tried to suppress lithium plating by optimizing 

the charging process by using a higher C-rate until a set cutoff voltage, and then dropping to a 

lower current or constant voltage step [10].  This issue with this method is that it requires 

knowledge of the anode potential, which is not readily available except in a three-electrode setup. 

When plating occurs and the cell is opened to the air, white specs are seen on the anode.  

The plated lithium can be partially reversible and oxidizes at potentials around 0.1 V higher than 

lithium deintercalation from the graphite, which results in a voltage plateau that precedes the 

normal discharge curve [12].  It is believed that this metallic lithium can also react with 

neighboring electrolyte molecules, thus forming an irreversible passivating layer around the 

anode particle causing both loss of cyclable lithium and an increase in overall cell resistance [10].  
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Lithium plating can also cause severe safety issues as well.  Metallic lithium is known to form 

dendrites, which can grow long enough to penetrate the separator and cause a short circuit.  If 

enough heat is generated during such an event, thermal runaway could be induced and a fire may 

occur.  Fleischhammer et al. recently discovered using Accelerating Rate Calorimetry that cells 

that have undergone lithium plating (charging at -10 
o
C) exhibit significantly faster self-heating 

rates that start at lower temperatures.  This significant increase in heat formation during thermal 

runaway presents a greater safety hazard than normal [9]. 

In this chapter we present work examining lithium plating on graphite anodes in lithium-

ion batteries.  We have designed and built baseline high-energy, baseline high-power and 

research- type 3 Ah Li(NixCoyMnz)O2/graphite pouch cells specifically designed to study lithium 

plating.  These cells are cycled using an accelerated aging protocol and then characterized using a 

variety of experimental tests.  We present results of the cycling of the research cells to determine 

if lithium plating is present and what effect temperature has on lithium plating and cycle life. 

3.3 Experimental Methods 

3.3.1 Development of Pouch Cells 

In order to better study the effects that lithium deposition has on the performance and 

cycle life of lithium ion batteries, we first had to design and build both baseline cells and research 

type cells intended specifically for the study of lithium plating.  Pouch cells were fabricated with 

a theoretical capacity around 3 Ah.  Each type of cells would consist of a Li(NixCoyMnz)O2 

(Umicore) cathode on aluminum current collectors with graphite (Nippon Carbon) anodes on 

copper current collectors.  The ratio (x:y:z) of metals used in the cathode was either 1:1:1 

(NCM111) or 6:2:2 (NCM622).  The electrolyte used in these cells was a 1.0 M lithium 
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hexafluorophospate (LiPF6) in an organic electrolyte of ethylene carbonate (EC) and ethyl methyl 

carbonate (EMC) in at 3:7 wt% ratio with +2% vinylene carbonate (VC) (BASF).  A Celgard-

2325 separator was used that has a thickness of 25 micrometers. 

For the baseline cells, we fabricated high-energy (HE) type and high-power (HP) type 

cells.  The HE design is based on allowing more capacity from the cell while the HP design is 

based on allowing more current from the cell, especially at lower SOC.  The HE cells were built 

with thicker electrodes, ~75 micrometers for the anode with a loading of 12 mg/cm2 and ~65 

micrometers for the cathode with a loading of 19 mg/cm2, while the HP cells were built with 

thinner electrodes, ~51.5 micrometers for the anode with a loading of 6 mg/cm
2
 and ~48.3 

micrometers for the cathode with a loading of 12 mg/cm
2
.  The design capacities for the HE111 

and HE622 cells were both 3.3 Ah while the capacities for the HP111 and HP622 cells were 2.0 

and 2.7 Ah.  In each of these cells, the design N/P ratio, that is the ratio of capacity of the anode 

to the capacity of the cathode, was 1.2, and the anode stack lengths and widths were ~4 mm wider 

than the cathode stacks, which is standard manufacturing practice in order to prevent lithium 

deposition on the edges of the anode [24]. 

For the purpose of this study, we had to design and build cells that could accelerate the 

lithium deposition process no matter what the ambient temperature or the charging rate.  The way 

that this was accomplished was we designed the anode to have a much smaller capacity than the 

standard cathode, thus promoting lithium plating in excess to intercalation in the graphite 

particles upon every charge cycle.  For the research type cells (Res), the footprint areas of the 

anode and cathode stacks did not change, but the N/P ratio was lowered to 0.6.  For these Res 

cells, the thick cathode from the HE cells was used along with the thin anode from the HP cells, 

causing a mismatch in design capacities.  The cathode had a theoretical capacity of 4.67 Ah while 

the anode only had a theoretical capacity of 3.0 Ah. 
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The electrodes were fabricated at the Electrochemical Engine Center’s battery 

manufacturing lab here at the Pennsylvania State University.  These steps include mixing of the 

electrode active materials with a binder and conductive agent in a solvent.  The resulting slurry is 

then spread on each side of the respective current collector and dried under heat and vacuum to 

remove the solvent.  After this step, the roll of dried active material is cut into 8-10 inch sections 

and is then roll pressed until the desired thickness/porosity is reached. 

From this point on, the sheets were sent to ECPower’s fabrication facility where they 

were punched in the proper size and shape.  These individual stacks were then placed into an 

automated stacker that was able to insert the separator into the correct position as well.  Each 

stack of electrodes was then ultrasonic welded to the external tab, aluminum for cathode and 

nickel for anode, and placed in the pouch. The pouch was then sealed on all but 1 side and then 

placed in a dehumidified glove box to prepare for electrolyte filling.  Once filled with the proper 

amount of electrolyte, the pouch was placed under vacuum so that the electrolyte could penetrate 

the pores of the electrodes.  After this the pouch was sealed and the cells were removed from the 

glove box to run formation cycles.  Once these cycles were complete, the pouch was sealed 

between a special gas collection section and the stack and was trimmed to remove such section.  

About 20 cells of each type were produced 

3.3.2 Development of Diagnostic Tools 

After the formation process, initial capacity and performance characterization tests (PCT) 

were performed for the fresh baseline cells at room temperature using a multi-channel Arbin 

system.  This test consisted of a 1C (where C is the capacity of the cell) constant charge current 

(CC) followed by a constant voltage (CV) step.  The cut-offs used for these steps were 4.2 V for 

CC and when the current dropped below C/20 for the CV step.  After charging, there was a 30 
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minute rest period followed by a discharge and then another 30 minute rest period.  For this test, 

five different discharge currents were used: C/3, 1C, 2C, 3C, and 5C, all at 25 
o
C.  A Tenney 

environmental chamber was used to temperature control and the cut-off for discharge was 2.8 V.  

For the fresh Res cells, only one discharge current was used, C/3, so as not to age the cell further 

with lithium plating during a characterization step.  These protocols were also used for aged cells 

to elucidate any capacity or power fade that occurred from aging.  One fresh cell from each type 

of baseline cell was also chosen to perform a temperature-dependent rate study in which the cell 

was charged using the above protocol at 25 
o
C and then discharged using a 1C current at various 

temperatures (40, 0, -10, and -25 
o
C). 

Aging tests were carried out in two phases.  The first phase was for the baseline cells, in 

which 10 cells from each type were selected for cycling.  The protocol consisted of cycling at 

room temperature with the following steps using either a multi-channel Arbin or multi-channel 

LAND system: 

1. CC (1C) to 4.2 V 

2. CV at 4.2 V until the current dropped below C/10 

3. 5 minute rest 

4. CC (2C discharge) to 2.8 V 

5. 5 minute rest 

This cycling protocol is a so-called accelerated aging measure, as the test time is 

shortened due to the 2C discharge.  One cell of each type was stopped at pre-selected cycle 

numbers (50, 250, 500, 1000, etc.) and was then characterized using the above PCT and EIS 

protocols. 

The second phase for the aging tests was for the Res cells.  Because the anode capacity 

was only 60% of the cathode capacity, it would be unwise to use the full charge protocol that was 

used to the baseline cells, both from a time and safety perspective.  Instead, the PCT data from 
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the fresh cells was analyzed to see at what voltage the desired charge capacity was reached, in 

this case 70% of the cathode capacity or 3.2 Ah.  This value was chosen because it would provide 

sufficient excess lithium for plating upon cycling while not causing severe safety concerns.  It 

was found that both NCM111 and NCM622 Res cells reached this value at 4.15 V.  Therefore, 

the cycling protocol for the Res cells was modified as follows: 

1. CC (1C = 3.2 A) to 4.15 V 

2. 5 minute rest 

3. CC (2C discharge) to 2.8 V 

4. 5 minute rest 

Unlike the baseline cells, where multiple cells were cycled at room temperature, here 

only 1 of each type of cell (NCM111/NCM622) was cycled at one of 5 
o
C, 15 

o
C or 35 

o
C.  Each 

cell was stopped after a set number of cycles (5, 15, 50, etc.) and a PCT was run at room 

temperature, allowing ~4 hours for heat up or cool down.  Once completed, the cells were placed 

back to continue cycling at the same temperature as before, again with a ~4 hour heat up or cool 

down.  Cells were deemed to have reached end of life when their state-of-health (SOH), percent 

of aged capacity to fresh capacity, reached a predetermined value, typically 60-70%. 

The last diagnostic tool that has been developed so far is use of a three-electrode 

diagnostic set-up.  Here we have taken baseline cells, both fresh and those aged to critical points, 

and added a third, lithium metal electrode.  This enables us to extract each electrodes contribution 

to both overall cell voltage and to EIS spectra.  The set-up was based on a design previously 

developed by our group for 18650 cylindrical lithium-ion cells [25].  The cell is discharged to 2.7 

V using a C/10 current and then is transferred into an argon filled glove box with water content at 

0.1 ppm.  One edge of the pouch is cut open, exposing the stack of electrodes wrapped in 

separator.  The pouch cell is placed in a chamber in the bottom of the three-electrode set-up and 

fresh electrolyte is added until the opening is completely covered.  On the top side of the set-up, 
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lithium metal is pressed around a flatten piece of copper wire and bent so that no electrolyte is 

able to touch the copper wire.  There are also two terminals that protrude through the top of the 

set-up so that current and voltage may be measure from each electrode tab.  The terminal wires 

are sealed with two O-rings and the main chamber is sealed with a rubber gasket so that the 

internal chamber of the set-up is isolated from outside air and moisture. 

Three-electrode diagnostic tests were the same as with the two-electrode cells, that being 

25 
o
C PCT, 1C performance at varying temperatures.  The protocols for each of these tests were 

the same as the two-electrode.  In order to determine if our results from the three-electrode tests 

were useful, we had to do a calibration of the data, that is, compare the three-electrode data to the 

previous two-electrode data for the same cell.  The data for fresh and aged cells matched fairly 

well for both charge and discharge voltage versus capacity and for EIS data.  The slight overage 

of capacity and voltage seen at high cycle number may be due to the fresh electrolyte replacing 

the aged electrolyte in that cell and this negating any effect that electrolyte decay would have on 

capacity and power fade. 

3.4 Results and Discussion 

We hypothesized that our Res cells would show obvious signs of lithium plating and that 

cells cycled at lower temperature would have a much shorter cycle life than those cycled at higher 

temperatures.  One method to identify if lithium plating is present is to look at the subsequent 

discharge curve of a cell.  Because lithium stripping is reversible and occurs with a near 0 V 

overpotential, if metallic lithium is present in the anode, there should be an upper voltage plateau 

at the beginning of discharge [12], as illustrated in Figure 3-1a.  The Res discharge curve (C/3 at 

room temperature) shown is a representative curve of all fresh Res cells, no matter the cathode 

chemistry or temperature of cycling.  The upper voltage is present for the Res cell due to lithium 
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dissolution back into the electrolyte during the process of lithium stripping, which occurs at a 

near constant voltage.  Following this plateau, there is a ~0.15 V drop from the upper voltage 

plateau of metallic lithium to the expected normal operation of a baseline cell.  From the three-

electrode experiments performed on the baseline cells in the previous chapter, this is the 

approximate voltage of a fully charged graphite anode (Figure 3-2), indicating that there is an 

obvious transition from stripping of metallic lithium to that of lithium deintercalation from the 

graphite structure.  Second, the width of the voltage plateau is expected to be proportionate to the 

amount of lithium that is deposited on the graphite [12].  As can be seen in Figure 3-1b, there is 

about 0.9 Ah of capacity taken up by lithium stripping.  Taking the 3.7 Ah total capacity of this 

cell from the initial PCT, this leaves 2.8 Ah of capacity from lithium intercalated into the 

graphite, which is what would be expected from an anode with a 3 Ah theoretical capacity, as in 

our Res cells. 

Figures 3-3a-c present the first 5 discharge cycles for the Res622 cells under the 

accelerated aging protocol at 5, 15 and 35 
o
C, respectively.  No matter what temperature is 

represented, there is still the obvious upper voltage plateau at the beginning of discharge for at 

least the first cycle.  For 5 and 15 
o
C, the plateau is ~0.6 Ah and for 35 

o
C it is ~0.4 Ah.  The 

reason for the decrease in this as compared to Figure 3-1 is due to the higher overpotential from 

the increased discharge rate meaning that not all of the lithium will be able to be stripped before it 

becomes more favorable to remove lithium from the graphite.  For 35 
o
C, the further shrinking of 

the voltage plateau is due to the metallic lithium reaction with and reducing the electrolyte due to 

the higher temperature thus forming more SEI and decreasing the amount of lithium available for 

stripping.  The temperature plays a role in this as well as is seen in the disappearance of the 

voltage plateau as the cell increases in cycle number. This is due to faster SEI formation reaction 

kinetics and faster electrolyte diffusion through the SEI at increased temperatures.  For 35 
o
C, the 

plateau is almost gone after 1 cycle and is completely gone after two cycles.  For the colder 
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temperatures, the plateau is still visible through at least 4 cycles and is still visible at 5 
o
C through 

5 cycles.  As the amount of lithium being stripped is decreasing each cycle, we expect to see a 

drastic drop in cell capacity over the first 5 cycles at all temperatures, which will be shown later.  

Also, as the temperature is increased, the voltage of the deintercalation curves after lithium 

stripping increases.  This is due to the decrease in Li diffusion resistance and increase in charge 

transfer kinetics, which lead to a lower cell resistance. 

Another sign of lithium plating is a significantly lower coulombic efficiency for cells 

with lithium plating than cells without, especially at lower temperatures [8, 27].  Waldmann et al. 

report efficiencies of 0.975 for the first seven cycles at -20 
o
C, while achieving 0.999 efficiency at 

25 
o
C [8].  The coulombic efficiencies for baseline and Res cells over the first five cycles are 

show in Figure 3-4.  There are two obvious trends seen here.  The first is that lower temperatures 

provide lower coulombic efficiencies, as seen by the cells cycled at 5 
o
C (green lines) have on 

average a 10% lower CE than the cells cycled at 15 
o
C (blue lines).  The second is that the Res 

cells have a much lower CE than the baseline cells.  This is expected as the baseline cells are 

designed to protect against lithium plating while the Res cells are designed to promote lithium 

plating.  It is interesting to note that the Res cells cycled at 35 
o
C (red lines) have nearly identical 

CE to the baseline cells (black lines).  Because we already know from the discharge curves that 

these cells experience lithium plating, this must mean that most, if not all, of the plated lithium is 

stripped from the graphite during discharge. 
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a.  

b.  

Figure 3-1. Comparison of baseline and research-type cells voltage-capacity C/3 discharge curves 

at RT showing (a) initial high voltage plateau and subsequent voltage drop for Res cells and (b) 

stripping of plated lithium allowing for “extra” capacity above nominal capacity for Res cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4

3.5

3.6

3.7

3.8

3.9

4

4.1

4.2

0 1 2 3 4

V
o

lt
ag

e
 (V

)

Capacity (Ah)

HE HP Res

0.15 V voltage drop



66 

 

 

Figure 3-2. Results of three-electrode calibration for HE cells showing potentials of each 

electrode [26]. 

  

 

a.  
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b.  

c.  
 

 

 

Figure 3-3. Discharge curves for first 5 cycles (2C discharge) for Res622 cells at (a) 5 
o
C, (b) 15 

o
C and (c) 35 

o
C. 
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Figure 3-4. Coulombic efficiencies of baseline (RT) and Res cells for the first 5 discharge cycles 

during aging tests at various temperatures. 

 

 

 

It is known that that lithium deposition on the anode consumes cyclable lithium [9], 

which causes capacity fade, but the plated lithium can also react with the electrolyte, which 

causes the SEI layer to grow and resistance to increase, leading to power fade.  It is expected that 

the cells that are cycled at lower temperature will have a shorter cycle life, which is shown in 

Figure 3-5.  The sharp drop initially is expected from what was seen in the first 5 cycles in Figure 

3-3 as the upper voltage plateau diminishes and the amount of excess lithium is consumed.  For 5 

o
C, lithium plating occurs so quickly and SEI formation occurs so slowly that too much lithium is 

consumed that the cell dies very quickly.  For 15 and 35 
o
C, the increased formation of the SEI 

layer actually helps extend cycle life as it protects the surface from further lithium plating.  At 15 

o
C, more lithium plating and slower SEI formation is expected which is shown in a larger 

decrease in initial SOH than at 35 
o
C. 
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Using an end-of-life criterion of 70% SOH, the cells cycled at 5 
o
C lasted about 4 cycles 

for both Res111 and Res622.  In the case of the cells cycled at 15 
o
C, Res111 lasted about 50 

cycles and Res622 lasted around 15 cycles.  Finally, the cells cycled at 35 
o
C have not yet reached 

the end-of-life, having reached over 100 cycles.  This goes to show that increasing a cell’s 

operating temperature by as little as 10 
o
C can lead to an increase in cycle life from 4-12X, as 

seen in Table 3-I. And increasing a cell’s operating temperature to the range expected in an 

electric vehicle’s battery pack that is isolated from the ambient temperature can extend cycle life 

by well over 25X.  This shows the importance of temperature control when it comes to potentially 

mitigating the threat of lithium deposition on graphite anodes. 

 

 

 

Figure 3-5. The effect of temperature on the aging of Res cells cycled at various temperatures. 
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Table 3-1. The temperature can have a drastic effect on the cycle life of a lithium-ion battery.  

End-of-life at 70% SOH Temperature change Cycle life increase 

Res111 5 
o

C – 15 
o

C 375% 

Res622 5 
o

C – 15 
o

C 1250% 

Res111 5 
o

C – 35 
o

C 2500%+ 

Res622 5 
o

C – 35 
o

C 2500%+ 

 

3.5 Conclusions 

We have previous designed, built and tested baseline high-energy and high-power 

NCM111/graphite and NCM622/graphite lithium-ion pouch cells.  These cells were designed 

with an average capacity of 3.3 Ah and 2.7 Ah, respectively, and an N/P ratio of 1.2, standard for 

the industry.  Accelerated aging was carried out at room temperature using a CC-CV (1C-C/10) 

charge and 2C discharge. In order to better understand lithium plating, special research cells were 

designed and built to accelerate lithium deposition on the graphite anode using the same electrode 

materials as the baseline cells, but with an N/P ration of 0.6.  The research cells were cycled at 

70% of the theoretical cathode capacity at either 5, 15, or 35 
o
C.  We have developed a novel 

three-electrode setup as a tool to further investigate the aging mechanisms associated with lithium 

plating.  In this setup, a lithium metal reference electrode is used to separate the contributions 

from the anode and cathode. 

The results of the forced lithium plating study show that for all cells, lithium plating was 

present as seen in the upper voltage plateau at the beginning of discharge and by the significantly 

lower coulombic efficiencies over the first 5 cycles.  A 0.15 V drop in cell potential during 

discharge was noticed for all cells, which is believed to be the transition point from lithium 
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stripping to lithium deintercalation from the graphite structure.  For the cells cycled at 35 
o
C, the 

total capacity was 3.7 Ah and the width of the voltage plateau was ~0.9 Ah, indicating about 2.8 

Ah coming from lithium in the graphite.  This is the expected capacity of the anode with a 

theoretical capacity of 3.0 Ah.  Finally, cycle life shows that cells cycled at 5 
o
C last no more than 

5 cycles.  In comparison, cells at 15 
o
C lasted 4-12x longer and cells at 35 

o
C lasted over 25x 

longer. 
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Chapter 4  
 

Pulse Self-Heating of a Self-Heating Lithium-Ion Battery 

This chapter is submitted for publication to the Journal of Power Sources as Marple, D., 

Ge, S., Zhang, G., and Wang, C.Y. Pulse Self-Heating of a Self-Heating Lithium-Ion Battery. 

4.1 Motivation 

As seen in the previous chapter, temperature plays a vital role in the onset of lithium 

plating on the graphite anode of Li-ion batteries.  If the temperature of the cell could be 

monitored and controlled prior to charging, then lithium plating could potentially be mitigated.  

Controlling the ambient temperature of the cell may be practical in a laboratory or indoor 

environment, but this is not practical for use in electric vehicles.  A more practical method is to 

the control the interior of the cell by heating the cell prior to use.   

Previous efforts by our group have produced a viable way to internally heat a self-heating 

lithium ion battery (SHLB), also known as an All-Climate Battery (ACB), from sub-zero 

temperatures using a continuous heating current in which target internal cell temperatures are 

achieved quickly and with little energy consumed [1, 2].  A schematic of how a SHLB operates is 

shown in Figure 4-1 [3].  A nickel foil is embedded inside the cell with one end welded to the 

negative terminal and the other end extending outside of the cell to become the third, activation, 

terminal.  A switch is placed between the positive and activation terminals and when connected, 

the cell self-discharges through the Ni foil which acts as a resistive heater.  When the cell reaches 

its target temperature, usually a set value of the surface temperature, the switch is opened and the 

cell can be utilized normally through the standard terminals.  With the entire Ni foil contained in 

the cell and no load flowing through an external circuit, the heat generated through this process is 
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very efficient at heating the cell.  Although this protocol works well for heating cells from sub-

zero temperatures for the purpose of utilizing the cell’s energy during discharge, when heating 

cells to acceptable charging temperatures, some issues arise.  Continuous heating to internal 

temperatures near room temperature tends to induce large temperatures near the Ni foil and can 

lead to overshooting the target temperature, wasting energy, due to lag of the heat to transfer from 

its generation source to the surface of the cell.  This chapter looks to enhance this current method 

for heating a cell by pulsing the activation current which is hypothesized to lower the localized 

temperature by decreasing the effective activation current and minimizing overshoot by allowing 

rest time for heat to transfer through the cell. 

 

 

Figure 4-1. Working principle of a SHLB showing the cell structure including the embedded 

nickel foil and activation terminal [3]. 

 

4.2 Introduction 

It is well known that electric vehicles driven in cold weather have drastically reduced 

driving range due to significant power loss in lithium ion batteries [4-7].  From a cell charging 

perspective, these temperatures do not allow for the use of regenerative braking [8-11] due to the 
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threat of lithium plating on the graphite anode which leads to capacity loss, cycle life decrease, 

and safety concerns.  In order to combat these deficiencies, it is common practice to preheat the 

battery before use [12-18], which comes with its own set of issues including heating time, 

capacity consumed, and complex heating circuits [15, 17]. 

Our group recently developed an ACB which utilizes a SHLB structure.  Here, a nickel 

foil is embedded in the cell and is utilized as an internal resistive heater allowing for rapid, 

uniform internal heating of the cell.  Heating form -20 
o
C to 0 

o
C consumes only 3.8% of cell 

capacity while taking just 20 seconds to heat the cell [2]. 

The heating protocol used for this heating is a continuous activation current until the cell 

reaches a target temperature of 0 
o
C.  At this temperature, regenerative braking is still restricted 

so it is necessary to be able to heat the cell from temperatures above 0 
o
C to near room 

temperature. Unfortunately, the previous method can lead to large spatial temperature gradients 

and overshoot of the target temperature.  In order to mitigate this, more nickel foils can be added 

throughout the cell as investigated by [19], or by using pulse activation which does not add 

manufacturing complexes but instead requires precise control of on/off switching of the activation 

current.  Here we examine pulse self-heating of an all climate battery in attempt to heat a battery 

from 0 to 20 
o
C while lowering spatial temperature gradients, reducing energy consumption, and 

lowering average activation current while maintaining roughly the same heating time.  We also 

determine the optimal length of each activation and rest time to heat the cell the most efficiently 

and effectively. 

4.3 Experimental 

Pouch cells (10 Ah) were fabricated using NMC622 (LiNi0.6Mn0.2Co0.2O2) for the cathode 

and Nippon Carbon graphite for the anode.  The electrolyte for these cells was EC/EMC (3:7 
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wt%/wt%) + 2 wt% VC with 1M LiPF6.  The separator is a Celgard-2325 separator which is 25 

micrometers thick.  The nickel foil used had a resistance of 40 milliohms.  More details can be 

found in our previous references [1, 3]. 

The ACB cell was first charged on a battery tester (BT2000, Arbin) using a CC-CV (1C-

C/10) protocol to 4.2 V at room temperature (~23 
o
C).  The cell was then placed in an 

environmental chamber (Tenney T10c, Thermal Product Solutions) held at 0 
o
C for a minimum of 

6 hours to ensure thermal equilibrium within the cell.  On the center of the outer surface of the 

cell, a T-type thermocouple (SA1-T, OMEGA Eng.) was positioned in order to obtain the surface 

temperature of the cell. 

 

Figure 4-2. Electrical circuit showing the working principle of a self-heating lithium-ion battery. 

 

 

The cell was connected to the battery tester such that it could act as the switch to engage 

the self-heating current by allowing the voltage between the positive and activation terminals to 

be 0 V, as seen in Figure 4-2.  This allowed for collection of pertinent data, such as current and 

cell voltage, until the cell surface temperature reached 20 
o
C.  Our current heating protocol, as 

discussed in our previous work [2], is a continuous activation “on” current until the cut-off 

temperature is reached.  The pulse self-heating consists of a short on-pulse followed by a short 

rest off-pulse.  For this study, 6 protocols were tested with the on pulse was 1 or 2 seconds and 
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the off pulse was 1, 2, 3 or 4 seconds.  The six protocol presented in this work, given by x:y 

where x is the on pulse time and y is the off pulse time, are 1:1, 1:2, 2:1, 2:2, 2:3 and 2:4.  After 

the activation was completed, a small current of 1 A was held through the nickel foil in order to 

monitor the foil resistance, determined by dividing the voltage measured across the activation and 

negative terminals by the current flowing through the foil.  We then used a previous calibrated 

equation to extract the foil temperature, i.e. we use the foil as a resistance-temperature detector 

(RTD) [20]. 

In order to formulate the calibrated equation, the cell was soaked in an environmental 

chamber at one of five temperatures (-40, -20, 0, 20 and 40 
o
C) for at least 6 hours to ensure 

thermal equilibrium.  A short (~5 sec), so as not to induce a temperature change from resistive 

heating, 1 A discharge current was run through the foil while the foil voltage was monitored.  Foil 

resistance was obtained by dividing the foil voltage by the current at each data point and taking 

the average over the discharge.  These 5 obtained resistance-temperature data points were linearly 

fit (R
2
 =0.9983) to obtain a calibrated equation. 

The battery tester has a control accuracy of 0.02% and a voltage range of +/- 5 V, 

allowing for voltage measurements accurate to the nearest 1 mV.  During self-heating, when the 

foil voltage is on the order of 3 V, this accuracy is not an issue and temperature curves are 

smooth.  When heating stops and the 1 A current is flowing through the foil, the voltage drops to 

the order of 50 mV.  This measurement accuracy leads a 2% noise in foil voltage measurement 

which then is amplified when converted to the temperature curves, hence why post-heating data 

presented will show fluctuations around the true value, while heating data will not. 
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4.4 Results and Discussion 

The continuous heating protocol causes a voltage drop to below 3.4 V with a current of 

almost 8C as seen in Figure 4-3a.  This high current produces enough heat to warm the cell, but it 

also causes an overshoot in temperature as seen in Figure 4-3b.  The surface of the cell reaches 

50.2 
o
C, an overshoot of 30.2 

o
C from the target temperature, meaning there is a large temperature 

gradient across the cell.  These large temperature gradients raise issues of cell degradation and 

safety concerns due to localized hot spots.  Also, the cell surface temperature rises to 26 
o
C, 

meaning that some of the cell’s energy is wasted in raising the cell temperature past the target 

temperature. 

a.  

b.  

Figure 4-3. Performance of the continuous heating protocol showing (a) measured cell voltage 

and current (negative value means discharge) and (b) surface temperature measured by 

thermocouple and foil temperature measured by Ni foil as a resistance-temperature detector 

(RTD). 
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In order to mitigate these concerns, pulse heating was used to heat the cell where there 

was a short activation (on) pulse followed by a short rest (off) pulse.  A comparison of the 

activation current for each pulse protocol and the continuous protocol are shown in Figures 4-4a-

f.  For all cases, the initial current was identical to that of the continuous case, and the activation 

current for each on pulse was nearly identical during the duration of the test with these currents 

being slightly more than the continuous protocol when the end of heating was reached.  Though 

when the average current is calculated over the duration of heating, each of the pulse heating tests 

provide a lower average current than the continuous case, 2:1 ~33% lower, 2:1 ~50% lower and 

2:4 ~75% lower, as shown in Figure 4-5.  The trade off with the lower average current is longer 

heating time, though later it will be shown that this will be acceptable. 

Figures 4-6a-f show the comparison of voltage from the pulse tests and the continuous 

test.  Again, as with the current, the first pulse is nearly identical to the initial few seconds of the 

continuous test.  As each pulsing test continues the voltage for the subsequent on pulses drops 

lower than that of the continuous test. This is expected due to the higher currents seen during the 

on pulses from the previous figures, though overall the voltage during each later pulse is higher 

than the previous pulse.  This is due to the fact that as the cell heats up, internal cell resistance 

decreases causing a smaller voltage drop for the same activation current.  Another interesting 

point is how the voltage during the off pulses recover to a lower voltage after each subsequent 

pulse, eventually ending at a voltage nearly identical to that of the continuous heating.  
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a.  b.  

c.  d.  

e.  f.  

 

Figure 4-4. Measured activation current during self-heating comparing continuous heating and 

pulse heating cases (a)1:1, (b) 1:2, (c) 2:1, (d) 2:2, (e) 2:3 and (f) 2:4. 
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Figure 4-5. Average current measured for 2 second on time tests showing average activation 

current during on-pulses only (black) and over the duration of the test (red). 
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a.  b.  

c.  d.  

e.  f.  

Figure 4-6. Measured cell voltage during self-heating comparing continuous heating and pulse 

heating cases (a)1:1, (b) 1:2, (c) 2:1, (d) 2:2, (e) 2:3 and (f) 2:4. 
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With a lower average current used in each of the pulse heating cases, the effect on the 

temperature gradient in the cell needs to be examined.  The foil and surface temperatures during 

the pulsing heating tests are shown in Figures 4-7a-f.  Several conclusions can be gathered from 

these figures.  First, the foil temperature shows peaks and valleys until the cell is heated.  Each 

peak in temperature is due to the activation current generating heat while the immediate drop in 

temperature is due to heat conducting to the surrounding cooler material.  Because the foil has 

such a low mass, this heat transfer is very fast.  In fact, an approximate temperature of the 

surrounding materials during the off pulses can be gathered by looking at the temperatures of the 

valleys. 

Second, as the rest time is increased, both the surface temperature overshoot and the off 

pulse temperature gradients are decreased.  Looking at Figure 4-7c, with a rest time of 1 second 

the surface temperature overshoots by ~4 
o
C, while in Figure 4-7f, with a rest time of 4 seconds 

the overshoot is minimal meaning less energy is wasted in the 2:4 pulse test than the 2:1 test.  

Also, when comparing the same two figures, the difference between the surface and material near 

the foil (foil valley temperatures) increases from ~2 
o
C to 10 

o
C for a 1 second rest and increases 

from ~1 
o
C to 5 

o
C for a 4 second rest.  This is because the longer rest time allows for more 

uniform heat distribution which minimizes temperature gradients and allows the cell to be closer 

to thermal equilibrium after each on pulse. 
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a.  b.  

c.  d.  

e.  f.  

Figure 4-7. Evolution of surface and foil temperature during pulse self-heating cases (a)1:1, (b) 

1:2, (c) 2:1, (d) 2:2, (e) 2:3 and (f) 2:4. 
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Last, when comparing pulse heating to continuous heating, the total temperature gradient 

is lower in all cases.  The maximum temperature gradient occurs during the on peak of the last 

pulse.  This occurs because the heat generated in the foil does not have sufficient time to conduct 

through the cell, so as each pulse produces excess heat, the foil temperature will rise at a slightly 

faster rate than the surface temperature.  For all pulse heating cases, the maximum foil 

temperature was ~42 
o
C, indicating a total temperature gradient of 22 

o
C, which is superior to that 

of the continuous heating. 

Figure 4-8 compares the cell surface temperature evolution for each of the heating cases 

studied.  Each heating protocol produced some surface temperature overshoot, though the 

continuous heating protocol produced the greatest overshoot.  This means that the continuous 

heating wasted the most energy during the heating process.  The pulse heating tests were able to 

heat the cell to the target temperature with less wasted energy than the continuous heating.  It is 

interesting to note that both 1:1 and 2:2 produced the same surface temperature profile as well as 

1:2 and 2:4.  This implies that energy consumed depends on the ratio of the on and off pulses and 

not the length of each pulse. 
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Figure 4-8. Evolution of surface temperature comparing continuous heating and pulse self-heating 

protocols. 

 

 

It has been shown that pulse heating is able to lower the spatial temperature gradient, 

average activation current, and energy consumption, so the next step is to determine the optimal 

pulse heating protocol to utilize.  Figures 4-9 look at determining the optimal rest time.  When 

looking at the effect of rest time on maximum foil temperature, Figure 4-9a shows that all pulse 

heating cases show significantly lower values than continuous heating, but no further benefit is 

gained increasing the rest time past 2 seconds.  The spatial temperature gradient in Figure 4-9b on 

the other hand shows there is some benefit to increasing rest time, ~0.5 
o
C/second of rest. 

To further optimize the pulsing protocol, capacity consumed and heating time need to be 

examined.  In Figure 4-10, these are compared for different off pulse times and on pulse times.  

When looking at the energy consumed, there is a minimum value of 3.8% reached for a 2 second 

off time for both the 1 second and 2 second on times.  Combining this, with the results from 

above, a 2 second off time is optimal. 
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a.  

b.  

Figure 4-9. Effect of pulse rest time on (a) maximum foil temperature and (b) maximum spatial 

temperature gradient. 

 

 

To determine the on pulse time, the total heating time has a major effect on this. As 

mentioned previously, because the average activation current is lowered fir pulse heating, it is 

expected to have a longer heating time than continuous heating. For a 2 second rest time, an on 

pulse of 1 second yields a heating time of 52 seconds, an increase of 136%, while a 2 second on 

pulse yields a heating time of 36 seconds, an increase of only 63%.  From this, a 2 second on 

pulse time will minimize the amount of extra time needed to heat the cell.  Therefore, the optimal 
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heating strategy to lower spatial temperature gradients, lower energy consumed, and lower 

average activation currents while doing so in relatively the same time is a 2 second on, 2 second 

off pulse heating protocol. 

 

 

Figure 4-10. Self-heating time and capacity consumption for continuous and pulse self-heating. 

 

4.5 Conclusions 

Pulse heating of an all-climate battery was examined in order to minimize spatial 

temperature gradients, average activation current, and energy consumed when compared to the 

current heating protocol of continuous heating.  Pulsing protocols consisted of an activation pulse 

of 1 or 2 seconds followed by a rest pulse of 1, 2, 3, or 4 seconds for heating a cell from 0 
o
C to 

20 
o
C.  The continuous heating showed a maximum foil temperature of 50 

o
C, comparing to the 

highest pulse heating of 42 
o
C.  This leads to the maximum temperature gradient (foil to surface) 

for continuous heating to be 30 
o
C while the highest of any pulse heating was less than 24 

o
C.  

Not only was the spatial temperature gradient lowered by pulse heating, but so was the surface 

temperature overshoot, meaning continuous heating of the cell leads to wasted energy used to 

heat the cell above the target temperature. 
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The optimal pulse heating protocol is 2 seconds activations followed by 2 seconds rest.  

The optimal rest time was determined by looking at the maximum foil temperature, maximum 

temperature gradient, and total energy consumed.  The activation time was determined by 

minimizing the increase in heating time due to the lowering of the average activation current. 
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Chapter 5  
 

External vs. Internal Heating for Large-Format Automotive Lithium-Ion 

Batteries 

This chapter is submitted for publication to the Journal of Power Sources as Marple, D., 

Zhang, G., Ge, S., and Wang, C.Y. External vs. Internal Heating for Large-Format Automotive 

Lithium-Ion Batteries.  

5.1 Motivation 

Until now, the cells we have examined have been on the laboratory scale and not the 

industrial electric vehicle scale.  Mitigating lithium plating on this large scale is of extreme 

interest because automotive manufacturers are looking for ways to improve the energy density of 

their cells while also extending the life of their cells, leading to more attractive warranty options 

for consumers.  In order to achieve this goal, the temperature of the battery pack in the vehicle 

must be able to be manipulated. 

Until this point, the current industry practice for heating electric vehicle batteries is to 

utilize external heaters to heat the cell from the outside-in.  This method can work for small-

format cells, but will run into issues of large temperature gradients, slow heating times, and 

possible non-uniform degradation across the thickness of a large-format cell.  We propose that 

use of the SHLB technology for this application will remedy these deficiencies while being able 

to heat the cell quickly and efficiently.  This chapter examines the use of internal self-heating for 

heating large-format automotive lithium ion batteries that will become a cure for mitigating 

lithium plating in industrial electric vehicle cells. 
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5.2 Introduction 

Lithium-ion batteries are a prevailing source of energy storage perfectly suited for many 

electronic devices because of their high power densities and high energy densities [1, 2]. They 

have also become the battery of choice to be employed in many electric vehicles.  Several issues 

need to be resolved, including attaining a long lifetime (minimum 10 years [3]), being able to 

undergo fast charging [4], and improving performance at low temperatures [5], in order for this 

industry to really take off.. 

Aiming for increased energy density and reliability and decreasing cost, the automotive 

industry is shifting towards using a small number of larger capacity cells [6]. The trade-off to this 

comes in the thermal management side, where the cell needs heated in sub-zero environments due 

to the poor performance of Li-ion batteries in this temperature range [7-9].  Current heating 

methods allow for heating externally through the cell, relying on heat conduction to warm the 

interior of the cell.  This can lead to non-uniform heating of the cell which in turn can cause non-

uniform aging across the cell. 

While there are many other heating options that can be utilized [10], one method recently 

discovered by our group is a self-heating lithium ion battery (SHLB), in which nickel foils are 

placed internally in the cell and act as resistive heaters [11, 12].  This technology has shown that 

the heating is rapid, efficient, and uniform.  In the present work, we aim to show that for large-

format automotive batteries (~40 Ah), internal heating using the SHLB technology is not only 

more energy-efficient, but also more effective, in terms of heating time, than external heating 

strategies.  Moreover, we will show that heating a cell this large externally can lead to safety 

issues. 
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5.3 Experimental 

5.3.1 Fabrication of Pouch Cells 

Self-heating lithium ion pouch cells were fabricated with a graphite (Nippon Carbon) 

anode and LiNi0.6Co0.2Mn0.2O2 cathode.  The electrolyte was 1 M LiPF6 in 3:7 (wt%/wt%) 

ethylene carbonate/ethyl methyl carbonate with a 2% wt addition of vinylene carbonate, and the 

separator used was Celgard-2325 with a thickness of 25 microns.  The N/P ratio for these cells 

was 1.2 and the theoretical capacity of each cell is 10 Ah.  Each cell has the 2-sheet design about 

which more information can be found in our previous publication by Zhang et al. [13]. 

5.3.2 Experimental Set-up 

The working principles of the SHLB are not discussed in this publication as they can be 

found in detail in [11].  Figures 5-1a and 1b show the schematics of the location of the nickel foils 

for the external and internal heating strategies, respectively.  It can be seen that heat generated 

externally must flow across the thickness of the cell while heat generated internally is expected to 

be uniform across the cell thickness. 

 

 



95 

 

a.   b.  

c.  

Figure 5-1. Working principle of external and internal heating of a Li-ion battery. (a) Schematic 

of Ni foil location for external heating (arrows indicate heat flow), (b) Schematic of Ni foil 

location for internal heating using a self-heating Li-ion battery (arrows indicate heat flow) (c) 

Schematic of the experimental set-up using two 10 Ah Li-ion cells and symmetry to model a 40 

Ah automotive cell. 
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The schematic of the experimental set-up used can be found in Figure 5-1c.  Using 

symmetry to our aid, a 40 Ah automotive cell is approximated by placing two 10 Ah SHLB cells 

in parallel with the bottom face of cell 1 touching the top face of cell 2.  Cells 3 and 4 are 

theoretical from the symmetry of a 40 Ah cell, as a reflection of the set-up over the bottom face of 

cell 2 yields the second half of the 40 Ah cell.  T-type thermocouples were placed on the top face 

of cell 1 (TC 1), in between the two cells (TC 2) and on the bottom face of cell 2 (TC 3).  

Thermocouples were centered on each face.  For our purposes, TC 1 is the surface temperature 

and will be constrained to a safety cut-off limit and TC 3 is the internal temperature in the middle 

of the theoretical 40 Ah cell in which a desired temperature after heating will be obtained. 

In order to produce the same resistive heating set-up for external heating as the SHLBs, 

four nickel foils, identical to those inside the SHLB, were placed in parallel on the top face of cell 

1 with two tabs available for connecting wires.  In between the foils and cell 1 and in between cell 

1 and cell 2, a thin layer Omegatherm “201” high thermal conductivity paste was used to ensure 

uniform contact and efficient heat transfer at these boundaries. 

5.3.3 Experimental Testing Protocol 

Self-heating tests were performed using an Arbin BT2000 battery tester with temperature 

controlled by a Tenney T10c environmental chamber.  The cell was first fully charged at room 

temperature and then was cooled to a desired ambient temperature.  The ambient temperatures 

included in this study for both external and internal heating are -10, -20, -30 and -40 oC.  To 

initiate the self-heating process for internal heating, the battery tester was used as the switch 

between the ACT terminals and positive terminals, setting the voltage to 0 V.  To perform 

external heating, one tab from the external foils was connected to the negative terminals of the 

cells via an external wire.  The other tab on the foils then became the new ACT terminal and the 
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same self-heating test protocol was followed as stated above.  Tests were concluded when either 

the cell internal temperature (TC 3) reached 0 oC or when the surface temperature (TC 1) reached 

the safety cut-off limit of 70 oC.  In order to measure the amount of current produced by each 

cell, a high current shunt resistor (Ohmite) was placed before the positive terminal for cell 1 and 

cell 2.  The battery tester monitored overall cell voltage and current, though for detailed analysis 

of internal heating, voltages across each foil and each cell were obtained during and after each 

self-heating.  For external heating, voltages across the external foils and each cell were obtained 

as well as using a high-frequency resistance measurement across each internal foil, as it is not 

possible to have current flow through these foils with this set-up. 

5.4 Results and Discussion 

Figures 5-2a-d show the temperature profiles from the external heating experiments from 

-10, -20, -30 and -40 
o
C, respectively.  The results from the internal heating using the SHLB are 

shown in Figures 5-2e-h.  It can be seen that for all temperatures, the external heating strategy 

failed to heat the entire cell sufficiently before the safety surface temperature limit was reached 

(TC 1 > 70 
o
C).  Moreover, the external heating failed to even heat one of the cells completely as 

can be seen in the fact that TC 2 never reached the target temperature of 0 
o
C, even after the 

heating current is shut off and the cell is allowed to reach thermal equilibrium.  In contrast, the 

internal heating strategy was able to successfully heat the entire cell at all temperatures.  It can 

also be seen that the heating was very uniform with minimal overshoot at the boundary of the two 

cells.  This overshoot increases as the temperature decreases, reaching a maximum of only 7 
o
C 

for the heating from -40 
o
C, well below the safety temperature limit. 
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a. b.  

c.  d.  

e.  f.  

g.  h.  

Figure 5-2. Temperature evolution using thermocouples during heating for external heating from 

(a) -10 
o
C, (b) -20 

o
C, (c) -30 

o
C (d) -40 

o
C and internal heating from (e) -10 

o
C, (f) -20 

o
C, (g) -30 

o
C (h) -40 

o
C. 
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Figures 5-3a-h shows the spatial temperature distribution for each of the previous cases, 

now using the internal foils as temperature sensors in the external heating cases.  Figures 5-3a-d 

clearly show that external heating produces large temperature gradients across the entire cell, 

which can lead to accelerated degradation to the cell.  The surface temperature for all external 

heating cases increased rapidly until the safety limit was reached, leaving the cell with a highly 

non-uniform temperature distribution.  The U-shapes of these distributions match well to the 

expected modeling results predicted by Yang et al. [14] where there is a thin layer near the 

surface that reaches the desired temperature while the rest of the cell remains well below this 

level.  Figures 5-3e-h again show uniform heating if using the internal strategy.  In each case 

there is minimal temperature gradient across the cell and the surface temperature is the minimum 

value due to heat transfer to the sub-zero ambient environment. 

A summary of the previous two figures is shown in Figure 5-4a.  Here the temperatures at 

the end of heating are shown for each of the thermocouples for both heating strategies at each 

ambient temperature.  This shows very clearly how for internal heating was successful at heating 

the entire cell to the desired temperature at the end of heating, while external heating was not only 

unsuccessful at this feat, but also caused temperature gradients in excess of 70 
o
C across the outer 

half of the cell. 

Internal heating was not only successful at heating the cell, but was effective and efficient 

at the same time, in terms of heating time and energy consumed, respectively, as shown in Figure 

5-4b.  Heating times were 12.3, 21.5, 32.3 and 46.8 s for internal heating from -10, -20, -30 and -

40 
o
C, respectively.  The total capacity used was also low, ranging from 2.3% at -10 

o
C to only 

6.9% at -40 
o
C. 
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a.  

b.  

c.  

d.  
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e.  

f.  

g.  

h.  

Figure 5-3. Spatial temperature evolution during external heating from (a) -10 
o
C, (b) -20 

o
C, (c) -

30 
o
C and (d) -40 

o
C and internal heating from (e) -10 

o
C, (f) -20 

o
C, (g) -30 

o
C and (h) -40 

o
C. 
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a.  

b.  

Figure 5-4. . Effect of ambient temperature on (a) Temperatures at the end of heating for TC1 

(red), TC2 (black) and TC3 (blue) for external (square data points) and internal (circle data 

points) heating and (b) Heating time and percentage of capacity consumed (in red). 
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Looking further into why external heating did not work while internal did work leads to 

examining the current produced from each of the two 10 Ah cells during the heating process, 

shown in Figures 5-5a-h.  In all cases, the internal heating produced a higher total cell current 

than external heating.  At each temperature, the initial currents from the two strategies are similar, 

though as heating progress, the difference between the two becomes more pronounced.  This 

difference can be seen when looking at the currents from each of the individual cells (Figures 5-

5b, d, f and h).  Internal heating produces a uniform current from cell 1 and cell 2.  However, for 

external heating it can be seen that while cell 1 produces a current nearly identical to internal 

heating, cell 2 current drops off drastically, indicating a large current gradient across the cell.  

This explains the large temperature gradient seen in Figures 5-2, 5-3 and 5-4, as ohmic (I
2
R) 

heating will cause cell 1 to have a larger temperature increase than cell 2. 

To examine the cause of this current gradient across the cell, cell and foil resistances need 

to be determined.  In order to do this, one needs to first examine the voltage of the cells during the 

heating process, as seen in Figure 5-6.  While cell voltages for both heating strategies are nearly 

identical at each temperature, it can be seen that a lower ambient temperature causes a drastic 

decrease in the overall cell voltage.  For each temperature, the open circuit voltage was estimated 

as a linear line between initial equilibrium voltage and final equilibrium voltage, which is 

necessary to calculate heating power and internal cell resistance. 
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a.  b.  

c.  d.  

e.  f.  

g.  h.  

Figure 5-5. Activation current during heating for (a) -10 
o
C, (c) -20 

o
C, (e) -30 

o
C and (g) -40 

o
C 

and individual cell activation currents(internal heating in black, external heating in red, cell 1 

solid line, cell 2 dashed line) for (b) -10 
o
C, (d) -20 

o
C, (f) -30 

o
C and (h) -40 

o
C. 
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a.  

b.  

c.  

d.  

Figure 5-6. Measured cell voltage (Vcell) and estimated open circuit voltage (Voc) for heating from 

(a) -10 
o
C and (b) -40 

o
C. 
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Ohmic heating power from the nickel foil can be calculated by Vcell*Ii, where I = 1, 2, or t 

for current from cell 1, cell 2 or total current.  The electrochemical reaction’s contribution to 

heating power can be calculated using (Voc-Vcell)*Ii, where Voc is the open circuit voltage 

estimated in Figure 5-6.  At -10 and -20 
o
C, the foils produce a majority of the heating power for 

both internal and external heating, as seen in Figures 5-7a-d.  For internal heating at -10 
o
C, each 

foil provides 35% increasing to 40% of the heating power (70% increasing to 80% in total), while 

the reaction heating in each cell is uniform and decreases by the end of heating.   External foils 

provide a similar percentage of heating power as in the internal heating, 71% increasing to 79%, 

however the actual heating power provided by the external foils is about 75 W less than the 

internal foils at the beginning of heating and increases to about 150 W differences at the end of 

heating.  It can be seen that the electrochemical reaction in each cell starts off nearly identical, 

though for external heating, cell 2’s reaction heating power drops to about half of cell 1’s by the 

end of the heating process, which is due to the lower current produced by cell 2 as seen above. 

At -40 
o
C, a different trend is seen for internal heating as seen in Figure 5-7g.  For the 

first 19 seconds, the electrochemical reaction produces more heat than the nickel foils.  Initially, 

the foils only provide 40% of the heating power overall, but that nearly doubles to 79% by the 

end of heating.  This is attributed to the fact that both the current through and resistance of the 

metal foil increase with temperature, while the internal cell resistance drops with increasing 

temperature due to improved transport properties and reaction kinetics [9, 15, 16].  For external 

heating at this temperature, Figure 5-7h shows the foil provides 38% of the heating power 

initially and increases to 60% at the end of heating.  For this case, it is interesting to look at how 

each cell’s reaction heating power evolves.  For cell 1, there is a slight increase in heating power 

followed by a slight decrease.  This is attributed to the fact that initially the current increases 

drastically but as the cell heats up, the decrease in internal cell resistance causes the power to 
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decrease through the end of heating.  Cell 2 shows a constant decrease in heating power for the 

duration of the heating process, which is due to the current decreasing and minimal decrease in 

cell resistance due to heating.  At the end of heating, cell 1 is producing nearly 5 times more heat 

than cell 2. 

To verify the previous results, foil and cell reaction resistances are determined for all 

cases as seen in Figures 5-8a-h.  The nickel foil resistance increases in the same manner as the 

temperature evolves, which is expected because the resistance of nickel is linearly proportional to 

temperature.  For the internal heating cases, cell reaction resistances decrease over the duration of 

the heating, confirming the conclusion seen from the heating power data, that is, as the cells heat 

up, a decrease in internal cell resistance decreases the heating power obtained from the reaction.  

For the -40 
o
C internal heating case, the foil resistance becomes larger than the cell internal 

resistance at 19 seconds, which is when the heating power from the foil begins to dominate as 

seen above. 

Again, for external heating the individual cell resistances are noteworthy.  In both cases 

an obvious resistance gradient is present across the entire cell as the resistance in cell 2 increases 

while the resistance in cell 1 decreases as heating progresses.  This explains the current gradients 

seen above as both cells are at the same voltage, the evolution of the resistance will drive the 

evolution of the current.  This creates a positive feedback loop which leads to external heating 

being unsuccessful.  External heating failed due to large temperature gradients found in the cell 

causing the safety temperature limit to be reached before the cell is completely heated.  These 

temperature gradients are due to current gradients across the cell which in turn are caused by 

large internal resistance differences across the cell.  However, the internal resistance is dependent 

upon the temperature of the cell.  Thus, as the heating progresses, the gradients for each variable 

increases until the shutoff limit.  For internal heating, the lack of these gradients across the cell 

allow for cell to be completely heated without reaching any safety concerns. 



 

 

 

a.  b.  

c.  d.  

e.  f.  

g.  h.  

 

Figure 5-7. Breakdown of heating power from the nickel foil and electrochemical reactions 

during internal heating from (a) -10 
o
C, (c) -20 

o
C, (e) -30 

o
C and (g) -40 

o
C and external heating 

from (b) -10 
o
C, (d) -20 

o
C, (f) -30 

o
C and (h) -40 

o
C. 
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a.  b.  

c.  d.  

e.  f.  

g.  h.  

Figure 5-8. Breakdown of resistance from the nickel foil and electrochemical reactions during 

internal heating from (a) -10 
o
C, (c) -20 

o
C, (e) -30 

o
C and (g) -40 

o
C and external heating from 

(b) -10 
o
C, (d) -20 

o
C, (f) -30 

o
C and (h) -40 

o
C. 
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5.5 Conclusions 

Two different heating strategies for large-format automotive Li-ion batteries were 

examined: internal heating using the recently developed SHLB technology and external heating 

using the same number of foils as the internal heating placed on one surface of the cell set-up.  It 

was found that external heating failed to completely heat the cell to 0 oC from ambient 

temperatures of -10, -20, -30 and -40 oC; while internal heating was not only successful, but did 

so in an efficient and effective manner in terms of energy consumption and heating time.  Heating 

times ranged from 12.3 to 46.8 seconds and capacity consumed ranged from 2.3% to 6.9% from -

10 to -40 oC, respectively.  Internal heating provided uniform heating across the cell, while 

external heating showed large temperature, current and resistance gradients across the cell.  These 

gradients were intensified by a positive feedback loop created in which large temperature 

gradients are caused by large current gradients which are caused by large resistance gradients 

which are caused by temperature gradients.  These gradients can cause degradation issues as well 

as safety concerns, as the surface temperature reached the safety limit in which the tests were 

ended. 
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Chapter 6  
 

Conclusions and Future Work 

6.1 Conclusions 

Lithium-ion batteries have the potential to be utilized as the next generation energy 

source in the ever-growing and highly demanded electric vehicle application.  In order for this to 

occur, the issues that are prohibiting this must be confronted.  These issues include cost, 

reliability, cycle life, low temperature performance and fast charging capabilities.  This 

dissertation looks at examining two of these issues, namely cycle life and low temperature 

performance. 

In chapter 2, capacity and power fade during cycle-life testing at room temperature were 

examined for high energy lithium-ion pouch cells with thick NMC622 cathodes and thick 

graphite anodes.  In order to perform cycle-life testing, an aging protocol was developed along 

with performance characterization tests and EIS tests.  Included in this work was the development 

of a novel three-electrode set-up utilizing a lithium metal reference electrode.  The set-up was 

then calibrated to ensure that the data obtained from this new set-up was unchanged from the 

same tests using the standard two-electrode set-up.  Once this was confirmed to be the case, the 

three-electrode set-up was used to determine the contributions from each electrode to aging 

utilizing the same characterization and EIS tests. 

From the cycle-life testing, it was determined that these high energy cells were able to 

last ~1400 cycles when using an end-of-life criterion of 75% capacity retention.  The cells 

experience significant capacity and power fade upon aging. The power fade of the cell is mainly 

due to degradation of the positive electrode including the growth of surface film on the positive 
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electrode active materials and the increase in charge-transfer resistance. A number of factors may 

contribute to the capacity fade including the loss of cyclable lithium due to the growth of SEI 

layer, loss of active electrode materials and lithium plating.  

In order to further improve cycle life of high energy NMC622/graphite lithium-ion 

batteries, it is necessary to avoid lithium plating and prevent rapid growth of SEI layer on 

graphite anode.  In order to better understand this degradation phenomenon, a better 

understanding of lithium plating needed to be obtained, as discussed in Chapter 3.  Here, the high 

energy cells from Chapter 2 and other high power cells were designed, built and tested utilizing 

the previous aging protocol.  The high energy cells were designed with an average capacity of 3.3 

Ah and the high power cells were designed with an average capacity of 2.7 Ah with each 

possessing an N/P ratio of 1.2, standard for the industry.   

In order to better understand the lithium plating mechanism, research-type cells were 

designed and built to accelerate lithium deposition on the graphite anode using the same electrode 

materials as the baseline cells, but with an N/P ratio of 0.6.  The research cells were cycled at 

70% of the theoretical cathode capacity at 5, 15, or 35 
o
C in order to not induce a safety issue 

with extreme overcharging.  The results of the forced lithium plating study show that for all cells, 

lithium plating was present as seen in the upper voltage plateau at the beginning of discharge and 

by the significantly lower coulombic efficiencies over the first 5 cycles.  A 0.15 V drop in cell 

potential during discharge was noticed for all cells, which is believed to be the transition point 

from lithium stripping to lithium deintercalation from the graphite structure.  For the cells cycled 

at 35 
o
C, the total capacity was 3.7 Ah and the width of the voltage plateau was ~0.9 Ah, 

indicating about 2.8 Ah coming from lithium in the graphite.  This is the expected capacity of the 

anode with a theoretical capacity of 3.0 Ah.  The cells cycled at 15 and 35 oC each exhibited 

some level of conversion from metallic lithium to SEI by reaction with the electrolyte.  This new 

and thick SEI layer was able to protect the cell surface from further plating and thus extended the 
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cycle life of the cell, although there was a large initial drop in cell capacity over the first few 

cycles. Finally, cycle life shows that cells cycled at 5 
o
C last no more than 5 cycles.  In 

comparison, cells at 15 
o
C lasted 4-12X longer and cells at 35 

o
C lasted over 25X longer, 

indicating that temperature is an important variable to control in the attempt to mitigate lithium 

plating. 

If the temperature of the cell could be monitored and controlled during the charging 

process, then lithium plating could potentially be mitigated.  Controlling the ambient temperature 

of the cell may be practical in a laboratory or indoor environment, but this is not practical for use 

in electric vehicles.  A more practical method is to the control the interior of the cell by heating 

the cell prior to use.  Previous efforts by our group have produced a viable way to internally heat 

an All-Climate Battery from sub-zero temperatures using a continuous heating current in which 

acceptable internal cell temperatures are achieved quickly and with little energy consumed.   

Pulse heating of an all-climate battery was examined in Chapter 4 in order to minimize 

spatial temperature gradients, average activation current, and energy consumed when compared 

to the current heating protocol of continuous heating.  Pulsing protocols consisted of an activation 

pulse of 1 or 2 seconds followed by a rest pulse of 1, 2, 3, or 4 seconds for heating a cell from 0 

o
C to 20 

o
C.  The continuous heating showed a maximum foil temperature of 50 

o
C, comparing to 

the highest pulse heating of 42 
o
C.  This leads to the maximum temperature gradient (foil to 

surface) for continuous heating to be 30 
o
C while the highest of any pulse heating was less than 

24 
o
C.  Not only was the spatial temperature gradient lowered by pulse heating, but so was the 

surface temperature overshoot, meaning continuous heating of the cell leads to wasted energy 

used to heat the cell above the target temperature. 

The optimal pulse heating protocol is 2 seconds activations followed by 2 seconds rest.  

The optimal rest time was determined by looking at the maximum foil temperature, maximum 
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temperature gradient, and total energy consumed.  The activation time was determined by 

minimizing the increase in heating time due to the lowering of the average activation current. 

Until now, the cells we have examined have been on the laboratory scale and not the 

industrial electric vehicle scale.  Mitigating lithium plating on this large scale is of extreme 

interest because automotive manufacturers are looking for ways to improve the energy density of 

their cells while also extending the life of their cells, leading to more attractive warranty options 

for consumers.  In order to achieve this goal, the temperature of the battery pack in the vehicle 

must be able to be manipulated. 

Until this point, the current practice for heating industrial scale batteries is to utilize 

external heaters to heat the cell from the outside-in.  This method can work for small-format cells, 

but will run into issues of temperature gradients, slow heating times, and possible non-uniform 

degradation across the thickness of a large-format cell.  Two different heating strategies for large-

format automotive Li-ion batteries were examined in Chapter 5: internal heating using the 

recently developed SHLB technology and external heating using the same number of foils as the 

internal heating placed on one surface of the cell set-up.  It was found that external heating failed 

to completely heat the cell to 0 
o
C from ambient temperatures of -10, -20, -30 and -40 

o
C; while 

internal heating was not only successful, but did so in an efficient and effective manner in terms 

of energy consumption and heating time.  Heating times ranged from 12.3 to 46.8 seconds and 

capacity consumed ranged from 2.3% to 6.9% from -10 to -40 
o
C, respectively.  Internal heating 

provided uniform heating across the cell, while external heating showed large temperature, 

current and resistance gradients across the cell.  These gradients were intensified by a positive 

feedback loop created in which large temperature gradients are caused by large current gradients 

which are caused by large resistance gradients which are caused by temperature gradients.  These 

gradients can cause degradation issues as well as safety concerns, as the surface temperature 

reached the safety limit in which the tests were ended.  The result of this work suggests that 
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internal heating using the SHLB technology is a viable way to mitigate the potential threat of 

lithium plating in lithium-ion batteries, thus vastly expanding the range of ambient temperatures 

in which operation of an electric vehicle can be accomplished without the fear of range anxiety. 

6.2 Future Work 

6.2.1 Further Diagnostic Studies for Understanding Lithium Plating 

In order to better understand the variables that control lithium plating, more diagnostic 

studies need to be performed.  To start, more Res cells need to be cycled at the aforementioned 

temperatures in order to acquire more data points for the study.  Right now, we only have fresh 

and end-of-life cells in which to perform diagnostics, though it is imperative that we obtain cells 

that are only partially aged, in order to determine if there is some intermediate state of lithium 

plating that may be detectable.  Currently, two-electrode EIS has only been performed on fresh 

and aged baseline cells and fresh Res cells.  Once we obtain more aged Res cells, we can perform 

EIS on them to obtain a resistance evolution for these cells.  It may also be possible to perform a 

mechanistic study and model the EIS data as an equivalent circuit, and thus determine a 

breakdown of the overall cell resistance into resistances like charge-transfer, ohmic, and surface 

film. 

Using the previously developed three-electrode setup, a calibration needs to be performed 

for both fresh and aged Res cells.  This calibration will include the rate capability tests, the 

temperature dependent tests, and EIS.  We will determine if the data obtained for a specific cell 

from the three-electrode setup matches the previously obtained two-electrode data.  Once the 

calibration is satisfied, we can then obtain an anode potential evolution using the three-electrode 

setup.  Because lithium plating is preferential when the anode potential drops below 0 V Li/Li
+
, 
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determining how the anode potential evolves with aging will give us better insight into the effect 

of lithium plating. 

Another diagnostic tool available is to create coin half-cells using fresh and aged 

electrode materials from both the baseline and Res cells.  The pouch cells will be disassembled in 

a glove box and the stacks separated.  Coin cells sized discs will be punched from select sheets 

and placed in a coin cell with a lithium metal counter electrode.  Using this method will allows us 

to determine the exact capacity of the fresh and aged cathode and anode materials since the 

lithium metal will provide an excess of lithium. 

6.2.2 Mitigating Lithium Deposition 

As shown in the self-heating cells previously developed by our group, it is possible to 

heat lithium ion batteries in a relatively short time with minimal capacity consumed to improve 

performance at sub-zero ambient temperatures.  Studies so far have only been performed at sub-

zero temperature, though we have shown that lithium plating can occur at temperatures near, yet 

above 0 
o
C.  If we can show that using the self-heating battery technology allows us to effectively 

and efficiently produce 25-30 
o
C cycle life data in a low temperature environment, even for a 

worst-case scenario as is such with our research cells designed to accelerate lithium deposition, 

then lithium ion batteries would be that much more useful in electric vehicle, space, and robotic 

applications.  We would design new research cells with the same cathode and anode design as 

before, but this time with self-heating elements distributed throughout the cell to promote uniform 

and efficient heating.  These cells would then be cycled at various temperatures, ranging from -10 

o
C to 35 

o
C, with cycling occurring only after the cell surface temperature has reached a specified 

value. 
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Similarly, because excess anode material is added to protect against lithium plating when 

charging a temperatures below room temperature, cells could be constructed with a lower N/P 

ratio, perhaps in the 1.05-1.1 range.  Some cells would contain the self-heating technology and 

some cell would be baseline batteries.  This decrease in excess anode material would allow for an 

increase in energy density.  Both types of batteries would then undergo aging tests at varying 

temperatures, utilizing the self-heating technology to maintain an internal temperature of 20-30 

o
C and comparing the cycle life obtained from each type of cell.  The goal of this work would be 

for the cells with the self-heating technology to have a longer cycle life than those without the 

technology, showing that self-heating technology is an effective tool to mitigate lithium plating. 
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