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Abstract
Commercial blended-cathode Li-ion battery (LIB) systems has been dominating the burgeoning
market for portable energy, ranging from consumer electronics to automotive applications. In
order to successively improve the energy-power density and usage life of blended-cathode cells,
an understanding in terms of the electrode design, electrochemical performance, and cell aging
are necessary. A mathematical model based research approach is effective to quantitatively
estimate all factors in the complicated system has been developed in this work, which will be
beneficial for research and development of Lithium ion battery technology.
In this thesis, a model based composition prediction technology for the of unknown commercial
blended Li-ion battery cathodes is developed. It includes three steps of combined experimental
and modeling methods. The electrochemically active constituents of the electrode are first
determined by coupling information from low-rate galvanostatic lithiation data, and correlated
with Scanning Electron Microscope (SEM) with Energy Dispersive X-Ray Analysis (EDX)
analyses of the electrode. In the second step, the electrode composition is estimated using a
physics based mathematical model of the electrode. The accuracy of this model based approach
has been assessed by comparison of this electrode composition with the value obtained from an
independent, non-electrochemical experimental technique involving the deconvolution of X-ray
powder diffraction (XRD) spectra.
Based on the prediction technology, the commercial LIB with the composition of
LiNixMnyCo1-x-yO2 - LiMn2O4 (NMC-LMO=70:30 wt%) cathode was accurately delineated.
Then, a physics based mathematical model, including the two dimensions of single particle and
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electrode levels, is developed to describe the electrochemical performance of the NMC-LMO
blended cathode. The model features multiple particle sizes of the different active materials and
incorporates three particle-size distributions: one size for the LMO particles, one size for the
NMC primary and one size for NMC secondary particles which presumably are agglomerates of
NMC primary particles. The good match between the simulated and experimental galvanostatic
discharge and differential-capacity curves demonstrates that the assumption of secondary
particles being nonporous (i.e., solid-state transport) is reasonable under the operating conditions
of interest in this case up to 2C applied current. In the modeling, a thermodynamic expression for
diffusive flux and some parameters such as the effective electronic conductivity have been
described and measured. A sensitivity of the fitted model parameters including kinetic rate
constants and solid-state diffusivities has been analyzed.
Using the multi-particle model, the different Galvanostatic Intermittent Titration Technology
(GITT) experiments with varying pulse currents and relaxation periods for a NMC-LMO blended
lithium-ion electrode have been described. The good agreement between the simulated and
experimental potential-time curves shows that the model is applicable for all GITT conditions
considered, but is found to be more accurate for the case of small current pulse discharges with
long relaxation times. Analysis of the current contribution and the solid-state surface
concentration of each active component in the blended electrode shows a dynamic
lithiation/delithiation interaction between the two components and between micron and
submicron NMC particles during the relaxation periods in the GITT experiments. The interaction
is attributed to the difference in the equilibrium potentials of the two components at any given
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stoichiometry which redistributes the lithium among LMO and NMC particles until a common
equilibrium potential is reached.
Moreover, the model can also be used to fit the galvanostatic charge curves from the rate of C/25
to 2C by adjusting model parameters. Through the comparative study with galvanostatic
discharge experiment, the asymmetry of capacity contribution of each component during both
charge and discharge, i.e., LMO contribution increases during discharging but decreases during
charging when the C-rate is raised. Dynamic analysis of the blended cathode shows that this
asymmetric charge/discharge behavior of the blended electrode can be attributed to the
difference in the equilibrium potentials of the two components depending on Li concentration
and electrode composition and to the difference in the rate of solid-state diffusion of Li and
kinetics limitations in LMO and NMC.
At last, a calendar life under various aging conditions has been studied, including analysis at
various states of charge (SOC) i.e., 35℃-0% SOC, 58℃-0% SOC, 35℃-100% SOC and 58℃100% SOC, for a commercial NMC-LMO/graphite blended lithium-ion battery. Through the
analysis of post-mortem for the 280 days aged cell at 58℃-100% SOC with the remaining
capacity of 55%, the loss of cycleable lithium is the predominant reason of capacity loss, which
can lead to a passivation layer formation on the surface of graphite and gas generation. The
fitting result of ‗open circuit voltage (OCV)-model‘ indicates the about 40% active materials
have not been utilized due to the lack of cycleable lithium and gas generation in the aged pouch
cell. A non-destructive pressure-loading experiment has been implemented, which demonstrated
a recovery of the capacity of the aged cell by 21%, and the reason of redistribution of gas
bubbles under pressure inside the pouch cell has been described in detail.
v
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Chapter 1 Introduction
1.1 Challenges and Motivation
With the current rate of fossil fuel consumption, the world will face energy and environmental
challenges in the middle of this century [1, 2]. Governments of the developed countries have
been actively exploring alternative energy sources relying so far on increased renewable power
and nuclear energy as the most feasible solution over the past decades. It is expected that other
renewable energy sources such as wind, solar and hydropower, will gradually play more
significant roles in global energy supply due to their environmentally-friendliness and
sustainability. An effective way to use these intermittent power generation technologies is to
store energy as electric power and to use the power in transportation applications. Hence, the
storage and application of electric energy is a concern in the academia and industry.
Batteries have experienced a long-term development since Italian scientist Volta invented the
first one in the 1800s. In 200 years of history, many different chemistries of batteries were
developed. Figure 1.1 briefly describes several categories of batteries with a milestone meaning
[3].
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Figure 1.1: Changes in battery chemistry over the years [3].
Li-ion battery (LIB) is the one of products currently under nanotechnology development. Over
the past two decades, the range of its application was broadened from the aerospace industry to
people‘s daily life needs. Nowadays, high performance Li-ion batteries are of demand more than
ever upon the emergence of new high technology applications such as electric and hybridelectric vehicles. There are various factors that dictate the performance of Li-ion batteries
including materials nanotechnology, composite electrode design and formulation and type of
electrolyte. It is a complicated job for engineers to optimize all parameters and their correlations
through experimental methods. Therefore, mathematical models coupled with experimental
measurements, are required as valuable and effective tools for designing high-quality and longlife Li-ion battery cells. Moreover, such models can provide researchers and manufacturers with
detailed theoretical understanding of the system of interest.
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1.2 Objectives
The objective of this project is to investigate the energy and power capability and performance
degradation of commercial mixed cathode Li-ion battery systems. Specific to this study is a
15Ah commercial electric vehicle/ hybrid electric vehicle (EV/HEV) battery under various
operating conditions. Generally, various factors determine the cell performance including the
type of active material, electrode and cell design (e.g. electrode compacted density, porosity,
active material loading in electrode, and electrolyte match with other components and battery
working conditions). The system of interest in this project consists of a blended cathode of
Lithium manganese oxide (LiMn2O4 or LMO) and Lithium nickel manganese cobalt oxide
(LiNi1/3Mn1/3Co1/3O2 or NMC) and a graphite anode designed for hybrid power and energy
applications.
The goals pursued during this research project are:
1. Develop methodologies for the determination on the cathode composition and improve on the
understanding of physical/chemical properties for blended-cathode batteries;
2. Devise a physics-based mathematical model to describe the electrochemical performance of
the NMC-LMO blended cathode batteries. Particular affection is paid to measure important
model parameters through independent experiments, such as electronic conductivity; and,
3. Based on the developed blended cathode model, some special experimental phenomena such
as the synergistic interplay between LMO and NMC are illustrated in simulation analysis;
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4. The final goal of this project is to study the calendar life of the blended cathode battery, a
study span from coin cell to pouch cell level for the requirement of cooperation. The effect of
various accelerated conditions such as temperature, storage SOC on the cell life-time will be
studied and the degradation mechanism will be investigated.
As such this thesis will provide experimental and simulation tools for advancement of model
based design of blended cathode Li-ion batteries.

1.3 Thesis Outline
This thesis consists of 7 chapters. In chapter 1, the motivation and objectives are presented. Next
chapter (chapter 2) mainly reviews the electrochemical performance of two types of cathode
active materials, namely, LMO and NMC in terms of structure and aging phenomena as well as
mixing synergy. In chapter 3, a prediction technology to refine the composition of an unknown
blended-cathode is developed, including experimental and simulation methods. Chapter 4
presents a multi-particle mathematical model to describe the electrochemical performance of the
NMC-LMO blended cathode obtained from a commercial lithium-ion battery. Some significant
parameters and expressions, such as the ionic diffusive flux and the effective electronic
conductivity etc. are described and measured. Based on the model, an analysis of Galvanostatic
Intermittent Titration Technology (GITT) for the commercial blended lithium-ion cathode is
shown in chapter 5. A simulation charge-discharge behavior between different active materials
and different size particles is qualitatively depicted for the NMC-LMO blended cathode. Chapter
6 shows the calendar life study for the commercial pouch cell in which the capacity loss
mechanisms is analyzed and a pressure effect on the aged pouch cell is researched. Chapter 7
4

lastly summarizes the conclusions of the current work and introduces the recommendations for
the future research.
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Chapter 2 Background and literature review
2.1 Lithium-Ion Technology
By comparing with several commercial secondary batteries, Li-ion battery displays its
superiority in terms of energy and power density, electrochemical performance and working
windows as Figure 2.1 and Table 2.1 show.

Figure 2.1: The energy density of different rechargeable batteries [4].
(a) High energy density: currently, the specific energy of commercial Li-ion batteries could
reach 250 WhKg-1/700 WhL-1[4], which is much higher than that of nickel metal hybrid (NiMH)
and Ni-Cd batteries. With the application of high energy density materials, such as Si composite
material with a specific capacity of more than 2000mAhg-1[5], the specific energy of Li-ion
batteries will make a further improvement.
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(b) High open circuit potential: the working voltage window is usually between 3.0V and 4.2V
in Li-ion batteries. Therefore, average working voltage is about 3.6V which is three times higher
than that of NiMH or Ni-Cd cells. Therefore, it is possible to make smaller and lighter batteries.
Table 2.1: The performance of different rechargeable batteries
Batteries category

Ni-Cd
battery

Nickel Metal
Hydride
battery

Li-ion
battery

Volume energy density (WhL-1)

~160

~200

~650

Mass energy density (WhKg-1)

~70

~80

~200

Average output voltage /V

1.2

1.2

3.6

Cycling life

~500

~500

~2000

charge

0-45

0-45

0-45

discharge

-20-65

-20-65

-20-60

storage

-20-45

-20-45

-20-45

~15

~25

~2

Temperature range/℃

Month self-discharge rate /%

(c) Long cycling life: the cell with LiFePO4 cathode can cycle over 2000 times while the
remaining capacity keeps above 80%.
(d) Low self-discharge rate: the self-discharge is below 2% per month under room temperature,
which results from a good protection role of solid electrolyte interface (SEI) film on the surface
of negative electrode.
(e) Environment-friendly: Li-ion batteries are low- pollution power supply systems.
In addition, Li-ion battery has no memory effect.
7

As a stable electrochemical system, Li-ion battery realizes the conversion between chemical
energy and electric energy repeatedly during cell charging and discharging. Figure 2.2 shows the
working principle of a Li-ion battery.

Figure 2.2: The working principle of a Li-ion battery [6].
A Li-ion battery includes two composite electrodes coated on metallic current collectors (i.e.,
aluminum foil for positive electrode and copper foil for negative electrode) and separated by an
ion-conducting and electron-insulating separator [7]. The electrolyte plays a crucial role of
conducting ions during cell operation. When discharging, lithium ions leave the negative
electrode active material to the positive electrode through electrolyte, while the electrons flow
from the negative to positive electrode by an external circuit. The negative electrode material is
oxidized while the counterpart electrode is reduced during discharging. Opposite reactions occur
while charging the cell. In a Li-ion battery, the active material is blended with other
constituents, i.e., conductive agent and binding agent. So far, the main commercial anodes
8

consist of graphite with the theoretical capacity of 372 mAhg-1. Though several high specific
energy active materials were discovered several years ago, such as Si, Si-Sn, they have been
researching in the lab due to some drawbacks like a huge volume difference between lithiated
and delithiated states. Thanks to the breakthrough by Toshiba Corporation to overcome the
technological bottleneck of gas-generation, lithium titanium oxide (Li4Ti5O12) as a high safety
performance anode material, can be used and commercialized today. Compared to the anode,
many cathode materials can be chosen, ranging from lithium cobalt oxide (LiCoO2) first used by
Sony Corporation 1n 1991 [8] to lithium manganese oxide (LiMn2O4), lithium iron phosphate
(LiFePO4) and lithium nickel manganese cobalt oxide (LiNi1/3Mn1/3Co1/3O2). Recently, the
blended-composite electrode made of LiMn2O4 (LMO) and LiNi1/3Mn1/3Co1/3O2 (NMC) as
cathode has shown an excellent electrochemical performance. These two materials are mutually
complement, mediating a new balance on the energy and power density, voltage plateau as well
as cycling life, which is satisfied with the requirement of design and application. Due to the
stability and durability of the blended cathode, this type of blended positive electrodes is being
applied to Li-ion batteries for use in electric vehicle (EV) and hybrid electric vehicle (HEV).
Taking a mixture of LMO and NMC as the cathode and graphite as the anode and for example,
the electrochemical reactions read:
positive electrode oxidation reaction:
,
,
negative electrode reduction reaction:
9

,
and the full-cell reaction:
.

2.2 Lithium Manganese Oxide (LiMn2O4)
LiMn2O4 (LMO) is nowadays being used as one of cathode materials in commercial Li-ion
batteries, thanks to its intrinsic advantages of low cost, abundance, safety and eco-friendliness.
Its specific capacity is ca. 148mAhg-1 in theory while the practical one approaches ca.
110mAhg-1. Currently, LMO-based batteries are mainly used for high power tools such as lawn
mowers and electric drills. Nevertheless, two drawbacks are attributed to this material including
a) Mn ion dissolution in electrolyte and thereafter a series of degradation effects, b) Jahn-Teller
effect of Mn ions. They will give rise to serious aging phenomena during cycling and storage,
resulting in an increase of impedance and capacity fade. Because of its excellent rate capability,
researchers try to solve these shortcomings to obtain a good electrochemical performance.

2.2.1 The structure and electrochemical performance of LiMn2O4
The crystallographic structure of LMO spinel is shown in Figure 2.3.
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Figure 2.3: Crystal structure of LMO spinel shows Li Mn O ions arrangement and a 3demensional channels for Li ions transport [9].
The Li and Mn ions occupy the tetrahedral and octahedral sites, respectively, constituted by
oxygen ions. This structure provides three-dimensional pathways for Li ions to diffuse resulting
in a high power capability. Table 2.2 lists the values of diffusion coefficients and electronic
conductivities of the various commercial cathode materials in comparison with those of LMO.
In the spinel framework, ¾ of Mn ions reside in Mn ions layers; the rest of Mn is located in the
adjacent Li ions layers. Therefore, during the process of Li deinsertion from the structure, there
are sufficient Mn ions in every layer to supply a sufficiently high binding energy and maintain a
stable oxygen array[39,40]. Spinel LMO was used as a cathode material for the first time in
1983[41]. Currently, 120mAhg-1of practical capacity is achievable with a good retention upon
further cycling. Various types of LMO have synthesized to improve its electrochemical
performance and cycle life. Porous LMO nanorods with high crystallinity and phase purity were
prepared by Jun Chen group [9].
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Table 2.2: Diffusion coefficient and electronic conductivity of the commercial cathode materials.
Electrode
Material

Diffusion Coefficient
(cm2s-1)

Technique

Electronic Conductivity
(Scm-1)

Description

LiMn2O4

10-9 [10]

CV*

3×10-5 to 3×10-4 [17]

1.0% Cabon

10-11 [12]

CV

3.2×10-5 [18]

5×10-10 [11]
(Single crystal)

PSCA**

10-12 to 10-9

PSCA

10-11 to 10-8 [13
-15]
(thin-film)

EIS***

2.8×10-13 [16]

Model

10-12 to 10-10[19]

Model

3.86×10-17 to
2.41×10-13[21]

EIS

LiNi1/3Mn1/3C
o1/3O2

5.45×10-7 [20]

LiCoO2

10-10 to 10-8 [22-26]

5.6×10-4 to 20
[27-29]

LiFePO4

1 × 10-8 [30]

10-9 [36] to
10-7 [37
-38]

2.2×10-16 to 7.4×10-13
[31-35]

*CV: cyclic voltammetry
**PSCA: potential step chronoamperometry
***EIS: Electrochemical impedance spectroscopy
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including
intrinsic and
apparent
diffusion
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electronic
conductivity

The porous LMO nanorods exhibited superior electrochemical behavior (e.g., 127 mAhg-1 of
attainable capacity and high capacity retention). Thanks to one-dimensional nanostructure
providing fast Li ions and electronic intercalation/deintercalation kinetics, the nanomaterial
shows excellent rate capability.

2.2.2 Aging mechanisms of LiMn2O4
Li-ion batteries suffer from various degradation mechanisms. The manifestations of aging
phenomena are capacity fade, power reduction and impedance increase. This part will mainly
review the sources of capacity fade and contributions of LMO material to battery aging
processes.
2.2.2.1 Mn Dissolution into the electrolyte
In the early 1996, Seung et al. [42] studied the Mn dissolution in an LMO cathode. Comparing
three LMO samples with different surface areas, they found that the sample with the smallest
surface area shows the slowest aging rate upon cycling at 1 mAcm-2 between 3.6 and 4.3V vs. Li.
According to further research, Mn dissolution was not significant at potentials below 4.1V, but it
begins to dissolve fast above 4.1V. In addition, Experiments also demonstrated that Mn
dissolution in PC/THF(Propylene carbonate/Tetrahydrofuran) or PC/DME(Propylene
carbonate/2-dimethoxyethane) electrolyte aggravates with increasing carbon content loaded in
cathodes because the solvent molecules are oxidized on carbon surfaces and a generated species
can promote the Mn dissolution [43,44].
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In a water-contaminated organic electrolyte, acids form from hydrolysis of LiPF6 [45] inducing a
disproportionation reaction as shown in Figure 2.4. Benedek et al. [47] obtained the free energy
of Mn dissolution in acid using first principles calculations, which confirmed the role of
disproportionation reaction in the Mn dissolution.
Disproportionation:

[

]

Acid dissolution by HF:

Figure 2.4: Dissolution of LMO spinel results from disproportionation and acid dissolution by
HF formed by reaction between H2O and LiPF6, and dissolved Mn ions will migrate to negative
electrode and deposit thereof [46].
About 1/3 of total capacity fade directly results from Mn dissolution [42, 48]. Mn dissolution has
various consequences. First of all, Due to Mn dissolution, an inactive layer will form at the
spinel/carbon interface which increases the contact resistance resulting in a capacity loss because
of additional polarization [42]. In addition, further studies [49] show that Mn ions dissolved from
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the LMO cathode migrate to the negative electrode and are reduced on the lithiated graphite
electrode surface, causing a high increase in the charge-transfer impedance at the interface
between graphite and electrolyte, which can deteriorate cell performance. Thirdly, Mn
dissolution in LMO/Graphite cells could result in a coulombic imbalance in a cell [50]. Figure
2.5 is a schematic diagram about the coulombic imbalance. During charging, 1 Mn2+ ion
accompanies 8 Li+ migrating from the cathode to the anode where the 10 coming electrons
reduce the cations. During discharging, the 8 Li+ travels back to the cathode and Manganese
deposits on the surface of the graphite particles in the anode. Therefore, only 8 electrons rather
than 10 electrons are passed through the external circuit during discharging. In brief, not all the
energy stored in the battery during charging is recovered when discharging the cell.

Figure 2.5: A schematic diagram of the coulombic imbalance caused by Mn dissolution in
LMO/Li cells. A difference of two charges between charging and discharging displays a loss
capacity due to one Mn ion deposits in the graphite [50].
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Mn dissolution and its subsequent effects are considered as the predominant cause for capacity
fade of LMO. Physical properties of LMO (especially surface area), type of electrolyte and
carbon content are important factors for Mn dissolution. SubstitutingLiPF6 with another
electrolyte salt such as LiBoB (Lithium bis(oxalate)borate) could reduce Mn dissolution and
lower the rate of capacity fade as shown in Figure 2.6 [46].

Figure 2.6: A cycling capacity comparison using 1M LiBoB/ EC:DEC (1:1) and 1M
LiPF6/EC:DEC (1:1) electrolytes. C1 is the initial discharge capacity and defined as 1.0 [46].
2.2.2.2 Jahn-Teller distortion
In the electronically degenerate state, the orbitals are thought to be asymmetrically occupied and
get more energy. In order to get rid of this extra energy, the system tries to lower the overall
symmetry of the molecule by undergoing distortion, which is otherwise known as Jahn-Teller
effect [51]. Usually, it is observed in high spin d4, low spin d7 and d9 electron configuration in
the octahedral environment. Therefore, due to Mn3+ electron configuration and occupation
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position in LMO, it tends to happen Jahn-Teller distortion. As Figure 2.7shows, LixMn2O4
causes a step-wise change in electrode potential to reach a flat potential equal to 3.0V vs. Li. [5254].

Figure 2.7: Potential profile LMO and John-Teller effect.

2.3 Lithium Nickel Manganese Cobalt Oxide (LiNi1/3Mn1/3Co1/3O2)
Due to the drawbacks of layered cathode materials (e.g., high cost, low safety and stability) and
the difficulty of synthesizing and instability (e.g., LiNiO2), a great deal of work to optimize the
layered oxide has been conducted. Dahn et al. [55] have synthesized a set of Li[NixCo1-2xMnx]O2
compounds with 0≤x≤1/2. Their materials showed good specific capacities from 110 mAhg-1 to
130mAhg-1 between 3.0V and 4.2V vs. Li and had a very little capacity loss. Ohzuku and
Makimura [56] have reported LiNi1/3Mn1/3Co1/3O2 with the capacity of 150mAhg-1 over a
potential range from 2.5V to 4.2V vs. Li. Combining computational and experimental studies,
Ceder and his co-workers [57] clarify the valence states in LiNi1/3Mn1/3Co 1/3O2; the results
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indicate the material can provide a high capacity and excellent capacity retention due to its stable
crystallographic structure.

2.3.1 The Structure and electrochemical performance of
LiNi1/3Mn1/3Co1/3O2
LiNi1/3Mn1/3Co 1/3O2 (NMC) has a layered α-NaFeO2 type structure. In this framework, the
oxygen atoms stack in ABCABC arrangement and slabs of CoO2, NiO2 and MnO2 were
proposed by Koyama et al. [58] to alternatingly occupy the space between oxygen layers, as
shown in Figure 2.8. Such a layered structure provides a high Lithium ion diffusion coefficient
(refer to Table 2.2) leading to a high rate capability.

Figure 2.8: Structural models of NMC [57, 58].
For the valence states in NMC, electron configurations of Nickel, Cobalt and Manganese with
their oxidation states are displayed as Ni2+: t2g6eg2, Co3+: t2g6 , Mn4+: t2g3, respectively in Ref.
[55, 57]. As seen in Figure 2.9, for Li content between 2/3 and 1 the redox reaction is Ni2+/Ni3+ ,
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for Li content between 1/3 and 2/3 the reaction is Ni3+/Ni4+, and for Li stoichiometry between 0
and 1/3 the reaction is Co3+/Co4+. For the Mn4+, there is no valence change or redox reaction
during charging and discharging, whose function is to provide a stable fundamental structure for
NMC.

Figure 2.9: Calculated average voltage points in NMC [57].

2.3.2 Aging mechanisms in LiNi1/3Mn1/3Co1/3O2
Studies of the chemical and structural stability of NMC cathode under different cutoff charge
voltage show that NMC becomes unstable at 4.6V and higher. By chemically delithiating NMC,
Manthiram et al. [59] investigated the oxidation state of group Ni1/3Mn1/3Co1/3 and the oxygen
content in Li1-xNi1/3Mn1/3Co1/3O2 with lithium content (Figure 2.10a) and found that the
oxidation state increases to about +3.6 with decreasing lithium content from 1.0 to 0.35, and
then, it begins to decrease. Meanwhile, oxygen loss occurs for lithium content between 0 and
0.35. Based on the above mentioned study, an energy diagram of Li0.35Ni1/3Mn1/3Co1/3O2 was
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proposed, shown in Figure 2.10b. The energy band of Ni3+/4+ redox couple has a slight overlap
with that of O2-, while there is a much larger overlap of Co3+/4+ energy band with O2- 2p band.
Hence, the positions of Ni3+/4+ eg, Co3+/4+ t2g and O2- 2p bands result in a bulk oxygen loss, which
leads to structural instability of NMC during lithium contents 1-x<0.35 (Voltage >4.6V).

Figure 2.10: Variations of (a) oxygen content and (b) the average oxidation stage of
(Ni1/3Mn1/3Co1/3) with lithium content and Energy diagram for Li0.35Ni1/3Mn1/3Co1/3O2 [59].
Zeng [60] observed a so-called ―zigzag layer‖ on the surface of NMC particles by transmission
electron microscopy (TEM) for the NMC cathode specific-capacity-degraded to 85% after 300
cycles between 2.75V and 4.2V at 1 C. As shown in Figure 2.11, the zigzag layer includes three
layers marked as BU, NS and SE from interior to the surface of the active material particle.
Elements Ni, Mn and O all suffer a loss in the whole zigzag layer and it is serious in the SE area
where the weaker spots disappeared as seen in TEM image (Figure 2.12).
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Figure 2.11: The three location (marked as BU NS and SE) in the zigzag layer and the charge of
Mn/Co, Ni/Co and (Co+Ni+Mn)/O in the zigzag; A and B represent two selected research
regions for the same sample [60].
The capacity loss in NMC is mainly from structural damage on the surface of its particles, which
may lead to the blockage of the Li channels thus decreasing the rate capability of the material.

Figure 2.12: TEM images for the zigzag layer, spots a, b and c are located in SE NS BU areas,
respectively; the intensity of diffraction points becomes gradually weak from spot c to a [60].
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2.4 The Blended Cathode of LiMn2O4 and LiNi1/3Mn1/3Co1/3O2
LMO spinel cathode has a high voltage plateau but suffers from low discharge capacity, poor
cycle life, and small capacity retention after a long-term storage at elevated temperatures, while
NMC has a high capacity, high capacity retention, and good thermal stability. Therefore, by
considering a mixture of NMC and LMO as an active cathode material may yield in an optimized
electrochemical performance. Indeed, by blending the two materials, a balance characteristic in
terms of capacity density and voltage plateau was obtained (Figure 2.13) and a synergy effect
was discovered. The effect can make NMC suppress Mn dissolution so that the blended cathode
displayed an enhanced cycling durability and an improved high-temperature storage
performance.

Figure 2.13: Initial discharge curves of some positive materials [61].
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2.4.1 Synergy effect
Synergic effects in blended LMO and NMC electrodes have currently been proposed by Dahn
and co-workers [50]. They blended LMO and NMC together by weight ratios of 100%:0%, 75%:
25%, 50%:50%, 25%:75% and 0%:100%. The blended-material cathodes were then cycled at
C/10 between 3.0V and 4.3V at 30°C, 40°C, 50°C and 60°C. As Figure 2.14 shows, the cycling
stability decreases with temperature increase. For an adding of small ratio LMO such as less than
50% in a blended cathode has a little reduce in capacity retention.

Figure 2.14: Cycling performance at various ratios of LMO and NMC, and the correlation
between percentage of NMC in electrode and capacity retention after 14 cycles under different
temperatures [50].
In the capacity/voltage (dQ/dV) differential analysis shown in Figure 2.15, the two peaks at
~4.00V and ~4.15V correspond to LMO and the one at ~3.75V corresponds to NMC. The
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intensity of peaks qualitatively demonstrates the amount of materials in the mixture. The
capacity loss of the blended cathode mainly results from LMO degradation after certain numbers
of cycles. The change in terms of the height of LMO characteristic peaks at ~4.00V and ~4.15V
decreases with an increase in the ratio of NMC in the electrode, which displays that NMC
stabilizes LMO to some extent during cycling. This is the synergy effect that NMC helps to
suppress Mn dissolution in a blended cathode.

Figure 2.15: Capacity/Voltage (dQ/dV) vs. Voltage (V) of the three most LMO-rich electrodes
cycled at 50°C [50].
The studies above for the synergy effect simultaneously involve the response of the blendedelectrode for cycling and high-temperature. The same conclusions can be obtained by individual
research, i.e. cycling stability and high-temperature storage. Nahm et al.[62] have prepared four
types of blended LMO-NMC samples, as listed in Table 2.3.
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Table 2.3: Samples and classification used to study cycling capability of blended LMO-NMC
electrodes in Ref.[62]
Sample

Class

Sa1

LMO

Sa2

Li/Li[Li1/15Ni1/3Co2/5 Mn1/3]O2

Sa3

Sa1:Sa2=1:1 by simple mixing

Sa4

Sa1:Sa2=1:1 by Ball milling and calcinations at 800°C

After 50 cycles between 2.5-4.5V, the samples Sa3 and Sa4 keep high capacity retention (Figure
2.16). They concluded that Li[Li1/15Ni1/5Co2/5Mn1/3]O2 enhances the cycling stability of LMO
and slows down the degradation rate. Contrary to the case of ball-milled sample, simple mixing
can avoid structural damages in both components which guarantee high capacity efficiency in the
whole cycling test.

Figure 2.16: Cycling durability for the samples in Table 3 (a) Sa1, (b) Sa2, (c) Sa3 and (d) Sa4
[62].
Takeda and co-workers [61] have investigated storage performance under elevated temperature
for the blended cathode of Li1.1Mn1.9O4 and LiNi0.4Co0.3Mn0.3O2 (6:4 by weight ratio). As shown
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in Figure 2.17, after 30 days of storage at 45°C, the blended cathode showed a higher capacity
recovery ratio than both single active material electrodes.

Figure 2.17: Capacity recovery ratio of Li-Mn spinel, NMC and a mixture of these two cathode
active materials according to Ref. [61].
The synergy effect in the LMO-NMC electrode can improve the capacity retention of LMO after
cycling and storage, especially a distinct enhancement under a high temperature. Takeda [61]
tried to study the mechanism behind by analyzing the changes in lattice parameters of single and
blended active materials upon storage, but it is still no a clear conclusion.

2.4.2 A refinement of active material ratio in a blended cathode
A method has been recently proposed by Kobayashi et al. to estimate the contribution of each
active material to the total capacity of a blended cathode [63] of NMC: LiAl0.1Mn1.9O4 =3:7
(abbreviated as NML37) by weight ratio.
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Figure 2.18: Discharge curves for LMO, NMC and mixture, and dQ/dV analysis curves [63].
Figure 2.18 shows a comparison of the discharge capacities and the dQ/dV curves of single and
blended materials cathode. Both peaks at~4.0V and ~4.14V are the signatures of LMO, showing
the reaction rang of LMO between 3.85V and 4.2V; while the peak at ~3.75V represents NMC.
The fact that NMC peak reinforces the intensity of two LMO peaks indicates the contribution of
NMC for the all capacity will remain during the whole process.
Using the deconvoluted dQ/dV curve, the capacities of the blended cathode (NML37) were
separated into the capacities of two unitary active material cathodes (NMC and LMO), which
had a good agreement with the experiment data (Figure 2.19). In addition, the method could also
be applied for capacity analysis of the degraded blended cathode.
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Figure 2.19: The deconvoluted dQ/dV curve corresponding to the blended LMO/NMC electrode
Studied in Ref. [63].

2.5 Graphite and Aging
Currently, graphite is the most popular anode active material in commercial Li-ion cells.
Graphite electrode significantly contributes to capacity fade in a Li-ion battery. Lithiated
graphite has a high chemical or electrochemical activity. When the battery is opened under high
state of charge (SOC) the graphite electrode has a color of golden yellow. But when exposed to
air for a few seconds, the electrode becomes black, which means lithiated graphite is chemically
oxygenized, and when exposed to water, a strong spontaneous reaction might happen. In a sealed
anaerobic system such as a commercial cell, such unstable lithiated graphite reacts with salt and
organic solvent, e.g., LiPF6 and dimethyl carbonate (DMC), in the electrolyte and forms the socalled ―solid-electrolyte interphase‖ (SEI) film on the surface of active particles [64].
SEI film generally forms during the first charge of the battery. Regularly, SEI film consists of
two layers with different compositions. One layer is inorganic compounds, such as Li2CO3, LiF,
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Li2O, of about 2nm thick, deposited on the inner of SEI. The outer layer is made of organic
species, such as (CH2OCO2Li)2 and ROLi, ROCO2Li, (R is an organic group) [65,66]. The
composition of SEI changes mainly with the type of electrolyte and the operating condition. The
positive function of SEI is to prevent direct contact between active graphite and electrolyte to
reduce the side reactions. On the other hand, SEI layer increases the transfer impedance and
causes the power of the battery to degrade.
Many studies proposed that the aging of a Li-ion battery mainly stems from parasitic reactions
on the surface of anode particles. There are several mechanisms to describe the capacity fade
related to the graphite electrode. Firstly, during cycling and storage of battery, the thickness of
SEI film gradually increases while cyclable Li ions are consumed. Secondly, Lithium ions and
electrons may bond to form metallic lithium on the surface of the anode electrode if the cell is
overcharged or charged at low temperatures and high rates. Table 2.4 shows the situation of
Lithium plating on the surface of graphite anode after fully charging cell at different
temperatures. A poor cell design or production process also can result in lithium plating to occur
more likely under harsh operating conditions. The lithium metal on the surface continually reacts
with the electrolyte, causing electrolyte deficiency even drying of the cell. Finally, solvent or
contaminating species may co-intercalate into the graphite particles leading to graphite
exfoliation, thus loss of active material [67].
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Table 2.4: The situation of Lithium plating for cell charged up to 4.2V (set value) at 3A [68].
Charge

Voltage

Temp.(°C)

(mV)

0

4086

17.8

No

-5

4073

18.1

No

-10

4055

18.4

Little

-15

4036

18.8

Yes

-20

4005

19.4

Yes

IR (mOhm)

Picture

Li plating

Overall, the instability of lithiated graphite anode could cause safety issues and degradation of
Li-ion battery. The application of other active materials, such as lithium titanium oxide
(Li4Ti5O12), could improve the safety preformation of the whole cell. However, the difficulties of
new materials themselves and compatibility with other components need to be overcome.
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Chapter 3 Composition prediction for the blended cathode
The following section is based on previously published work ‗Model-Based Prediction of
Composition of an Unknown Blended Lithium-Ion Battery Cathode, J. Electrochem. Soc., 162(4),
A716(2015)‘ by Z. Mao et al. and is reproduced by permission from Journal of The
Electrochemical Society. This thesis author specific contribution to this paper was to: develop
the model, conduct the simulations and experiments, prepare all the graphics and results, and
prepare the final manuscript and reviewer edits with direction from the project supervisors who
were M. Fowler, Z. Chen and M. Pritzker. M. Safari and M. Farkhondeh offered advice on the
modelling and experiments.

3.1 Introduction
Lithium-ion batteries (LIBs) are promising devices for portable storage of energy. The high
volumetric and gravimetric energy densities of these batteries have enabled them to surpass other
alternatives such as Ni-Cd and Ni-MH batteries for applications such as cellular phones and laptop computers. However, LIBs have still not achieved significant penetration into the automotive
industry due to challenges associated with their safety, service life and cost [69]. This has led to
considerable research interest both from chemists and engineers to improve the formulation of
cell components and develop tools for design, performance assessment and durability
improvement of the cell. Promising results regarding the overall improvement of electrode
performance have been reported when the cathode is made up of a blend of oxides. Physical
mixtures of layered oxides such as LiNixMnyCo1-x-yO2 (NMC) or LiNixCoyAl1-x-yO2 (NCA) with
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spinel LiMn2O4 (LMO) are good examples where the electrode performance benefits from a
synergy between the individual components [70-73]. Not surprisingly, this has led to the
increasing popularity of using blended cathodes in LIBs [74].
Due to the complex nature of the phenomena associated with the operation of LIBs, their design
and performance are best optimized and analyzed with the aid of mathematical models [75].
Such models have been developed for a broad range of purposes, from the estimation of kinetic
and transport properties of the active material to the prediction of battery service life [76-78].
Few mathematical models have been reported in the literature which simulate the
electrochemical behavior of known blended electrodes [63, 73, 79-80]. An open-circuit voltage
model or ―OCV model‖ has been used to estimate the mass ratios of two well-characterized
insertion compounds, mainly LiNi0.8Co0.15Al0.05O2 and LiMn2O4 in Ref. [81],
LiNi1/3Mn1/3Co1/3O2 and LiAl0.1Mn1.9O4 in Ref. [63] and LiNi1/3Mn1/3Co1/3O2 and LiMn2O4 in
Ref. [79]. In such models, the blended cathode composition is estimated from differentialcapacity curves obtained from low-rate galvanostatic data (i.e., quasi-equilibrium condition). In
this approach, the capacity of the blended electrode (i.e., inverse of the quasi-equilibrium curve
as a function of capacity) is related to those of the individual active compounds as a function of
potential through a summation weighted linearly according to their mass ratios. In studies where
it was used to predict the composition of blended cathodes with known composition, its
estimation error was found to be approximately 6% [63, 81]. Furthermore, this procedure
becomes more difficult and less accurate when the identity of the active compounds is not well
known. The need to quantitatively assess the performance of LIBs with unknown electrode
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formulations is becoming ever more important given the increasing popularity of introducing
batteries with blended cathodes into the commercial market.
In this chapter, a systematic procedure is followed to determine the composition of an unknown
blended electrode with an acceptable accuracy less than ~1% error that is validated with ex-situ
measurements. The cathode morphology and its elemental composition are first characterized
using scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analyses,
respectively. The electrochemically-active components of the cathode are then identified by
analysis of experimental electrode galvanostatic discharge data obtained at a very low current. In
the next step, a physics-based model of the blended cathode is fitted to the galvanostatic
lithiation curve to estimate the electrode composition. Finally, the prediction of the proposed
model-based method is validated against a calibration curve obtained by independent and purely
experimental X-ray diffraction (XRD) measurements. Accordingly, the cathode composition is
determined in a non-destructive way once the component oxides are identified. It is important to
emphasize that the objective of the model used in this procedure is not to describe lithiation and
delithiation of the cathode under all conditions. Instead, this model is intended only to estimate
the composition of the blended cathode. By choosing to apply this method to discharge data
obtained at very low current, a relatively simple model can be used since porous electrode effects
can be neglected. Although this procedure is demonstrated on discharge data, it could equally
well be applied to a blended cathode during charging.
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3.2 Single Particle Model
A simple physics-based model is used to simulate the galvanostatic discharge of the unknown
blended cathode Li-ion cell under low current. As noted in the Introduction, porous electrode
effects are neglected since the model is being applied to data obtained at low C-rates. Such an
assumption has been shown previously to be acceptable for low C-rate conditions up to 1C in
typical electrode designs [34-35, 82-83]. According to this assumption, the active particles are
connected to a uniform sink or source of electrons (i.e. a conductive matrix) and Li+ ions in the
electrolyte. The blended cathode is assumed to be made of a physical mixture of N total types of
active materials. Each type n of the active materials is present as a spherical particle with radius
within which Li diffuses, as described in Eqns. 3.1-3.3 below:
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|

(3.3)

where cn and

are the concentration and diffusion coefficient, respectively, of lithium within

the active particles of type n.

is the current density over the active surface area of the particles

of type n and is related to the electric potential

of the cathode according to the following form
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where

is the equilibrium potential evaluated according to the lithium concentration

particles surfaces,

is the maximum lithium concentration and

at the

is the rate constant for the

charge-transfer reaction at the surface of the nth particle type. Finally,

, T, F and R are the

electrolyte concentration, temperature, Faraday constant and gas constant, respectively. It should
be noted that the overpotential at the Li electrode is neglected under the condition of the very
low currents used in our simulations and, thus,

corresponds to the cell potential vs. Li

reference electrode.
The total current

is distributed over all the N types of particles as follows:

∑

where

(3.5)
is the density of the nth type of particles and

particles with respect to the total mass

is the mass fraction of the nth type of

of active material in the electrode and is subject to the

condition:
∑

(3.6)

The overall capacity

of the blended electrode is related to the capacity

of the nth type of

particles and their mass fractions in the electrode as follows:
∑
In this expression,

(3.7)
is the practical mass-specific capacity of the nth type of active compound,

which generally is an empirical value depending on the material synthesis method and the
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operating voltage range. It is obtained from the literature in accordance with a voltage range of
3V to 4.2 V and is listed in Table 3.2.
The governing equations were solved using the COMSOL Multiphysics 4.2 simulation package
with a particle domain (i.e., one-dimensional) discretized into 20 equal intervals in the radial
direction. The same formulation presented here can be used without any modification for the
simulation of the dynamic behavior of the cell under low to medium applied currents. In this
case, the solid-state diffusion and the surface resistance due to charge transfer will contribute to
the capacity and potential loss of the electrode. If ionic and electronic transport effects at the
electrode scale are explicitly included, the assumption of negligible porous electrode effects is
relaxed and the resulting pseudo-2D model [84] can be used to simulate the discharge behavior
at high rates. However, as noted previously, this is not required to estimate the blended cathode
composition according to the procedure described in the following sections.
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3.3 Results and Discussions
3.3.1 Surface morphology and elemental composition

Figure 3.1: SEM image of the unknown cathode surface. EDX analysis was conducted on the
two groups of particles labeled NO.1 and NO.2 above.
The surface of the unknown cathode was examined by SEM and EDX. Figure 3.1 shows an SEM
image of a portion of the electrode surface showing the presence of two different types of
particle agglomerates/clusters within the electrode. The first group (denoted as NO.1) is made of
a few particles with dimensions ranging from 1-2 μm whereas the second group (denoted as
NO.2) is composed of many particles smaller than 1 μm. The particle size distributions for both
particle groups obtained from SEM image analysis are found to obey log-normal distribution
functions yielding a d50 of 1.74 μm for group NO.1 and 0.87 μm for group NO.2. The results of
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the elemental analysis of these two particle groups are summarized in Table 3.1. O, Mn, Co and
Ni are found to be present in both groups. Not surprisingly, O is a dominant element in both
groups. Among the metals, Mn is the major element in group NO.1, while the composition is
more evenly split among Mn, Ni and Co in group NO.2. This preliminary analysis suggests that
the active materials in the electrode are composed of two types of metal oxides: the first type is
likely a Mn-oxide (i.e. LMO), while the second one is likely a blended-oxide with nearly equal
atomic fractions of Ni and Co (i.e. NMC, the excess Mn may be due to LMO).
Table 3.1: EDX analysis of elemental composition of the unknown cathode corresponding to
zones NO.1 and NO.2 in Figure 3.1.

atomic %

O

Co

Ni

Mn

group NO.1

61.12

0.15

0.28

26.05

group NO.2

58.25

6.53

5.98

9.34

3.3.2 Active material components
The discharge profile of the unknown-cathode/Li cell at a current corresponding to C/25 is
presented in Figure 3.2a. The discharge capacity of this cell is found to be approximately
mAh. The discharge profile is presented in terms of the normalized capacity Qnorm
(i.e., with respect to the end-of-discharge capacity) defined as:

(3.8)
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This enables the intrinsic electrochemical signature of the electrode to be more easily compared
to those of known individual active materials reported in the literature. The differential capacity
is a property that can effectively delineate the subtle electrochemical changes of the electrode
over the course of lithiation/delithiation. Accordingly, plots of differential capacity versus
electrode potential provide rich information about the active materials in a given electrode [85].
Typically, at least one peak appears in these plots for the active materials used in LIBs. The
potentials at which peaks appear are unique for a given active material and so potentially can be
used to identify the components of a blended electrode [63, 81]. Figure 3.2b presents the
differential capacity plot of the unknown cathode that has been determined from the electrode
discharge data obtained at C/25 and shown in Figure 3.2a. Three distinct peaks at 3.743, 4.005
and 4.136 V appear in the plot. Based on the SEM/EDX results in the previous subsection, one
should be able to match the three peaks in Figure 3.2b with those of a Mn-oxide and a Mn-Co-Ni
blended oxide. However, different varieties of active materials composed of these metals have
been reported in the literature. We examined different candidates from the literature by
comparing their differential capacity signatures to that of our unknown cathode. The first peak at
3.743 V closely matches that observed for LiNi1/3Mn1/3Co1/3O2 denoted here as NMC [19],
whereas the other two peaks at 4.005 and 4.136 V correspond well to LiMn2O4 denoted as LMO
[73] (see Figure 3.2c). This agreement provides strong support for the results obtained from the
SEM and EDX analysis.
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Figure 3.2: (a) Experimental potential-Qnorm profile and (b) corresponding experimental
differential capacity signature of the unknown cathode/Li cell discharged at current C/25. (c)
Differential capacity profiles of LMO and NMC electrodes reported in Refs.[73] and [19],
respectively.

3.3.3 Model-based composition estimation
In the previous section, LMO and NMC were identified as the active compounds in the unknown
cathode. Here, the mathematical model introduced earlier is used to simulate the discharge
curves from which the composition of the unknown cathode can be determined. The list of model
parameters used in the simulations is presented in Table 3.2.
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Table 3.2: List of model parameters.
Parameter

Symbol

LMO

NMC

Number of particle groups

N

2

Faraday constant (C mol−1)

F

96478

Gas constant (J mol−1 K−1)

R

8.314

Temperature (K)

T

298

Electrolyte concentration (mol m−3)

ce

1000m
0.87 m

Radius of type n particle (µm)
Capacity of unknown cathode (Ah)

0.002m

Q

Density of type n particle (kg m−3)
−1

Capacity of type n particle (Ah kg )
Maximum lithium concentration in

0.435 m

4220
[73]

100

4770
150[19]

23339[73]

49761[19]

5×10−10[73]

1×10−10[73]

6.5

1.25 10−13 y2 – 2.68 10−13 y +1.44

10−15[73]

10−13 (y is coefficient in

type n particle (mol m−3)
Rate constant of charge transfer
reaction on type n particle surface
(mol/[m2s(mol m−3)1.5])
Diffusion coefficient of Li in type n
particle (m2 s−1)

LiyNi1/3Mn1/3Co1/3O2 ) [19]
m: measured or based on experimental conditions.
In the solid phase, a constant diffusion coefficient for LMO is used with a slight adjustment
based on Ref. [73], while a variable diffusion coefficient for NMC that depends on the Li content
is fitted in accordance with GITT (galvanostatic intermittent titration technique) analysis in
Ref.[19]. The equilibrium potentials

for LMO and NMC have been obtained from Ref. [73]

and Ref. [19], respectively, to be within the operating potential window of 3V–4.2V used in this
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study. Accordingly, given the theoretical capacities and assuming both active materials are fullylithiated at the potential of 3 V, Li stoichiometry is determined to vary from 0.35 to 1 in LMO
and from 0.457 to 1 in NMC in the blended cathode of our study. It should be noted that C/25
conditions were considered in Refs. [73] and [19] to be slow enough that the potentials measured
during discharge approximate the open-circuit potentials and, thus, are suitable equilibrium
potentials of the individual compounds. With these values as well as the reaction rate constant
and solid-state diffusion coefficient known from the literature, the only unspecified parameters
are the total active material loading Mt and the mass fractions

of the two active materials. The

model can then be used to simulate the discharge profiles for different arbitrarily-set values of
and the corresponding Mt obtained from Eqn. 3.7 to yield the values shown in Table 3.3.
Table 3.3: Calculated total active material loading

for the mass fractions εn used in the

simulations.
Parameter

(mg)

Values
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

13.3

13.8

14.3

14.8

15.4

16.0

16.7

17.4

18.2

19.0

20.0

Figure 3.3 presents the simulated LMO–NMC blended cathode discharge profiles (dashed lines)
obtained at C/25 for 11 NMC compositions at equal intervals between 0 wt% and 100 wt%. The
experimental discharge profile (solid line) of the unknown cathode is superimposed in Figure 3.3
to compare with the model-computed curves. It should be emphasized that no parameters have
been adjusted to fit the model to the measured discharge curve and the computed and
experimental curves are simply overlaid together. The comparison clearly shows that the
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simulation corresponding to a NMC composition of 70 wt% provides a very close match to the
experimental data.

Figure 3.3: Experimental discharge profile (solid line) of unknown cathode at C/25 and
simulated discharge profiles (dashed lines) of a LMO-NMC blended-cathode discharge at C/25
for 11 NMC compositions at equal intervals between 0 and 100 wt%.
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3.3.4 X-ray-based composition refinement
In order to validate the model prediction, an X-ray-based method is used to estimate the
composition of the unknown cathode. This method is based on the concept that the composition
of a mixture of crystalline phases in a sample can be determined from the relative areas under
their characteristic diffraction peaks. Accordingly, a calibration curve consisting of a plot of the
ratio of the areas under the characteristic XRD peaks associated with the two components in a
LMO–NMC mixture versus the mixture composition was prepared. To obtain such a calibration
curve, pure LMO and NMC powders from Sigma Aldrich were blended in different mass ratios
(i.e., 20%, 40%, 60%, 80% NMC) and the XRD patterns of these mixtures together with those of
pure LMO and NMC powders were obtained. For this purpose, the evolution of the relative XRD
peak intensities corresponding to the (101) plane ( ̅
plane (

space group) for LMO and the (311)

space group) for NMC was used for all compositions [58, 86-87]. The

experimental XRD patterns for the four samples composed of 20 to 80 wt% NMC are presented
in Figure 3.4.
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Figure 3.4: Experimental XRD patterns (solid lines) of NMC-LMO powder mixtures with
compositions (a) 20, (b) 40, (c) 60 and (d) 80 wt% NMC and pseudo-Voigt fitted patterns
(dashed lines) of (101) NMC and (311) LMO peaks for 2θ between 35° and 38°.
Figure 3.4a-d clearly show that the (101) NMC peak grows at the expense of the (311) LMO
peak as the weight percentage of NMC in the mixture increases. The pseudo-Voigt function is
fitted to each of the patterns in Figure 3.4a-d to approximate the area under each peak. The ratio
of the area under the (101) NMC peak to the area under both (101) NMC and (311) LMO peaks
is plotted versus the weight fraction of NMC in the NMC–LMO mixture in Figure 3.5(circles).
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Figure 3.5: XRD-based calibration plot (circles and dotted line) correlating the ratio of the area
under (101) NMC peak to the area under both (101) NMC and (311) LMO peaks to wt% NMC
in a NMC-LMO mixture.
The cubic function below (Eqn. 3.9) has been found to fit the experimental data very well and is
also included in Figure 3.5 (dashed line) so that the composition of any unknown mixture of
NMC and LMO can be estimated from the XRD data:
(3.9)
where x is the ratio of the area under the (101) NMC peak to the area under both (101) NMC and
(311) LMO peaks and y is the weight fraction of NMC in the NMC–LMO mixture.
The XRD diffractogram of the unknown blended cathode is presented in Figure 3.6. The inset
shows the diffraction pattern magnified between 35° and 38° (solid line) and the pseudo-Voigt
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functions fitted to the (101) NMC and (311) LMO peaks (dashed lines). From the areas under
these peaks obtained from the pseudo-Voigt fits and the calibration curve in Figure 3.5, the
composition of the unknown cathode is estimated to be 71 wt% NMC. This composition is very
close to the one predicted by the model-based method (i.e., 70%). This level of agreement
between the two methods indicates that the simple model-based approach proposed in this study
is of acceptable accuracy and should prove valuable as a versatile technique for determination of
the composition of unidentified blended electrodes. One reason for the very good level of
agreement achieved using the physic-based model may be that it is able to capture interactions
between the active compounds by considering the particles to be connected to each other in
parallel at every location across the electrode so that they remain at the same electric potential
throughout lithiation/delithiation regardless of the rate condition. If the particles have the same
chemistry (i.e., identical equilibrium potential curves), they will have identical Li-content;
however, if the particles have different chemistries, they will be lithiated/delithiated to different
extents at any particular time depending on their equilibrium potentials. Possible interactions
between active components are not considered in the previous OCV models in which the
differential capacity curve of the blended cathode is obtained through a linear combination of the
OCVs of the individual compounds weighted according to their mass ratios. The error associated
with the OCV models [63, 79, 81] would likely diminish if the actual equilibrium potentials (i.e.,
potential of the relaxed electrode under open-circuit condition) rather than the quasi-equilibrium
potentials (i.e., C/25 galvanostatic discharge curve) were being measured because the
interactions between the active compounds disappear under this condition. Although C/25
condition is slow enough for the galvanostatic potential-capacity curve to approximate the
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equilibrium potential of a single active-compound electrode, care must be taken in making such
an assumption for an electrode containing different active chemistries.

Figure 3.6: XRD pattern of unknown blended cathode. The portion of the pattern and the pseudoVoigt fit of the (101) NMC and (311) LMO peaks (dashed line) are shown at higher resolution
over the 2θ range between 35° and 38° in the inset.
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Chapter 4 Multi-Particle model for the blended cathode
The following section is based on previously published work ‗Multi-Particle Model for a
Commercial Blended Lithium-Ion Electrode, J. Electrochem. Soc., 163(3), A458 (2016)‘ by Z.
Mao et al. and is reproduced by permission from Journal of The Electrochemical Society. This
thesis author specific contribution to this paper was to: develop the model, conduct the
simulations and experiments, prepare all the graphics and results, and prepare the final
manuscript and reviewer edits with direction from the project supervisors who were M. Fowler,
Z. Chen and M. Pritzker. M. Farkhondeh offered advice on the modelling and experiments.

4.1 Introduction
Research and development of lithium-ion batteries (LIBs) has been underway for several decades.
Numerous successive technical breakthroughs have enabled them to become more and more
commercially viable for applications ranging from portable electronics to power tools. However,
for automotive applications, LIBs face particular materials and engineering challenges: both their
energy and power requirements have to be met simultaneously while slowing the aging process
so that vehicle lifespan is commercially viable. Such a synergic effect has been realized to a
good extent by loading battery electrodes with two or more active materials. Each of the active
materials features at least one required characteristic property of the blended electrode systems
[88]. Examples of such blended systems are layered-layered mixtures of LiNixCoyAl1-x-yO2 LiCoO2 (NCA-LCO) [81], layered-spinel mixtures of LiNixCoyAl1-x-yO2 -LiMn2O4 (NCA-LMO)
[73, 84], LiNixMnyCo1-x-yO2 -LiMn2O4 (NMC-LMO) [79], layered-olivine mixtures of LiCoO2LiFePO4 (LCO-LFP)[89] and spinel-olivine mixtures of LiMn2O4-LiFePO4 (LMO-LFP) [90].
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Porous composite electrodes are at the heart of LIBs and their properties and manufacturing
methods are of crucial importance. The main steps for the preparation of LIB electrodes include
active-material selection, material synthesis and electrode manufacturing (formulation and
fabrication). Properties such as the active particle size distribution (PSD) are the primary
objectives when optimizing the performance of an electrode since these properties directly
determine the power capability of the electrode. Electrode manufacturing, on the other hand,
contributes to the electrode microstructure. More specifically, additives and fillers should be well
dispersed and undergo little or no particle clustering or agglomeration. This will assure a uniform
porosity distribution across the electrode and less tortuous ionic and electronic pathways
reaching the active particles. Overall, the fabrication of electrode should contribute to
maximizing and stabilizing battery capacity, lifetime and rate capability.
Active material PSD has been shown to affect the electrochemical performance of LIB
electrodes [35, 83, 91-93]. These studies have been used to theoretically explain some
phenomena associated with the particle-size distribution, such as poor columbic efficiency and
longer open-circuit relaxation time of an electrode with a non-uniform PSD compared to the one
with a uniform PSD [91], rate-dependent dynamics of LiFePO4 electrodes [35, 83], the effect of
particle size on lithium deposition when a LIB becomes overcharged [92] and the influence of
non-uniform size distribution on the electrode packing density [93].
Optimal design and operation of blended cathode systems benefits from physics-based
mathematical models which can describe the response of the electrode to various
charge/discharge pulses. Few mathematical models for blended cathodes have been reported in
the literature. Albertus et al. used a physics-based model to simulate the electrochemical
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behavior of NCA-LMO blended electrodes at various compositions. Their model which featured
a distribution of resistances among the electrode particles (i.e., in line with the resistive reactant
model [34, 83, 94]) and was able to satisfactorily fit experimental data [73]. Jung et al. compared
simulation results to experimental galvanostatic discharge data from graphite-soft carbon/NMCLMO full cells at various anode and cathode compositions [79].
In Chapter 3, a simple mathematical model was developed to estimate the composition of an
unknown commercial blended cathode by simulating galvanostatic discharge under a low-rate
condition. This approach which combines experimental data from X-ray powder diffraction and
differential-capacity analysis with a mathematical model was shown to successfully characterize
the unknown blended electrode (NMC-LMO) and accurately estimate its composition (in that
case a 7:3 mass ratio). The model presented in the current communication is intended for a
different purpose. It is more comprehensive and accounts for porous electrode effects and the
particle-size distribution of the active materials in the previously identified NMC-LMO blended
cathode. The model is suitable for a wide range of rate conditions from C/25 to 2C. Simulations
are compared with experimentally determined galvanostatic discharge and differential-capacity
curves and used to determine the contribution of each cathode component to the capacity. Finally,
the effect of particle size on the electrode rate capability is discussed.

4.2 Experimental
In this study, some physical and electrochemical parameters of a fresh and unused commercial
NMC-LMO blended cathode such as thickness and the effective electronic conductivity were
measured and then used to develop parameters for a mathematical model. To obtain its
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electrochemical

performance,

the

same

blended

cathode

was

used

to

fabricate

cathode|separator|Li coin cells. The procedure involved opening and disassembling a commercial
pouch cell, taking out a cathode sheet (double-side-coated on aluminum current collector) and
removing the electrode coating on one side of the sheet. This was done using N-methyl-2pyrrolidone (NMP) solvent. Circular samples (A = 1.013 cm2) were then punched from the onesided electrode for coin cell assembly. To remove any possible electrolyte salt deposit, the
circular samples were washed and rinsed with dimethyl carbonate (DMC). The washed samples
were examined by SEM (Zeiss ULTRA) to characterize their surface morphology and to
measure the electrode thickness prior to being fabricated into coin cells. Li was used as the
reference/counter electrode in the coin cells. The electrodes were separated by Celgard 2500
soaked with an electrolyte containing 1 M LiPF6 dissolved in a 1:1 EC/DMC solution. The entire
cell fabrication process from the opening of the pouch cell to the washing of the samples in
DMC and finally to the assembly of the coin cells was carried out in an argon-filled glove box.
A series of galvanostatic experiments was conducted on coin cells using a Neware CT-30085V10 mA-164-U battery cycler. Prior to these experiments, the cells were first subjected to a
sequence of 5 formation cycles identical to the one used in our previous study in Chapter 3 to
ensure that the coin cells had reached a stable state and behaved consistently and repeatable
during the subsequent galvanostatic tests. The waveform during each of these 5 formation cycles
was identical. It consisted of the following steps: i) charging at a constant rate of C/2 until a
potential of 4.2 V was reached, ii) 60 min. rest period (i.e., zero current), iii) charging at a
constant rate of C/100 until a potential of 4.2 V was reached, iv) 60 min. rest period, v)
discharging at a constant rate of C/2 until a potential of 3.0 V was reached, vi) 60 min. rest
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period, vii) discharging at a constant rate of C/100 until a potential of 3.0 V was reached and viii)
60 min. rest period. Due to equipment limitations, galvanostatic experiments were conducted in
the constant-current constant-current (CC-CC) mode instead of constant-current constant-voltage
(CC-CV) mode, and the second CC step at a very small C-rate i.e., steps iii) and vii) above, was
to ensure that the electrode was fully lithiated (delithiated) by the end of discharge (charge),
whose purpose is the same to that of CV in CC-CV mode.
Following these 5 formation cycles, a series of galvanostatic experiments was carried out, each
of which consisted of the following steps: i) charging at a particular rate until a potential of 4.2 V
was reached, ii) 3-hour rest period, iii) charging at C/100 until a potential of 4.2 V was reached,
iv) 3-hour rest period, v) discharging at the same rate as step i) until a potential of 3.0 V was
reached, vi) 3-hour rest period , vii) discharging at C/100 until a potential of 3.0 V was reached ,
iv) and 3-hour rest period. Currents applied during steps i) and v) of this series of experiments
followed the sequence: C/25, C/10, C/5, C/2, 1C and 2C. 1C rate corresponds to 2mA applied
current.
The effective electronic conductivity of the electrode was measured using a four-probe setup
consisting of a probe fixture (probe head: C4S 67/1, Cascade microtech Inc.) and a source meter
(Keithley 2440 5A Source Meter, Keithley Instruments Inc.). More details regarding this
measurement procedure are given in Ref. [95]. The electronic conductivity of the porous
electrode is expected to be several orders of magnitude smaller than that of the aluminum current
collector (~

S m-1). Conductivity measurement of a 2-layer aluminum/porous

electrode medium is therefore prone to a significant error because most of the applied current
flows through the aluminum layer and bypasses the porous electrode, not to mention the
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influence of the contact resistance between the two layers on conductivity measurements. To
avoid such unnecessary errors, the aluminum current collector was dissolved by dipping the
samples in a 1 M NaOH solution for a very short period of time (1-3 minutes). The electrode was
then rinsed with DI water to remove the remainder of the solute as well as the reaction products
and dried on a glass slide at room temperature. Care was taken not to damage the delaminated
electrode.

4.3 Mathematical Model Development

Figure 4.1: Schematic diagram of the porous half-cell containing a blended cathode for which a
multi-particle pseudo-two-dimensional model is developed.
A previously developed pseudo-two dimensional (P2D) electrochemical model [84] is adapted
here to account for particles having a different chemical nature and a non-uniform size
distribution as shown in Figure 4.1. The model is used to simulate the rate capability of NMCLMO blended cathodes and is validated against experimental data. The charge/discharge process
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involves phenomena occurring on the particle-scale and electrode-scale which are included in the
model. At the particle-scale, lithiation/delithiation within each particle is controlled by solid-state
diffusion of lithium ions that is coupled with charge-transfer reactions at the surface. The porouselectrode theory of Newman and co-workers [96] is applied to describe electrode-scale transport
within the cathode domain. It is assumed that the blended electrode consists of spherical particles
that are distinguished in terms of their active material type n and size class m defined by their
radii

. N total types of active material are present and the range of particles radii is

discretized into M total size classes. Furthermore, any single particle consists of only one type of
active material. The transport equation and associated boundary conditions describing the
diffusion of Li ions within each particle of radius

(

|

are given by Eqns. 4.1-4.3 below:

)

(4.5)

(4.6)

0

|

(4.7)

where cn,m is the intercalated Li concentration in the active material n with the particle size class
m,

is the current density on the surface of active material n with the particle size class m, r is

the radial distance from the center of the particle, t is time and

is the Faraday constant.

is

the chemical diffusion coefficient for the intercalated species within active material n with the
particle size class m and is related to the thermodynamic factor
coefficient

, as given in Eqns. 4.4-4.5 below [35， 83， 97]:
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and binary diffusion

(4.4)

(

)

(4.5)

Active materials are considered to be non-ideal solid solutions with the non-idealities manifested
by their thermodynamic factors. The derivation of the above expression for the thermodynamic
factor from the equilibrium potential can be found in detail in Refs. [83] and [35]. In Eqns. 4.4
and 4.5,

is the normalized lithium concentration in active material n with the particle size

class m calculated from the ratio of the lithium concentration
radius to the maximum concentration

, i.e.,

related to the exchange current density

at any point along the particle
. The current density

and overpotential

is

on the surface of active

material n with the particle size class m by the Butler-Volmer equation:
*

(

)

(

)

(

)+

(4.6)

where,
( )(

)

(

) (
(

(

),

and

)

)

(4.7)
(4.8)

are the surface concentration, equilibrium potential, rate constant

and transfer coefficient, respectively, associated with the charge-transfer reaction on the surface
of active material n with the particle size class m.
(conductive matrix) and

is the potential of the solid-phase

is the potential of the liquid-phase (electrolyte) in immediate contact
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with the active materials along the electrode thickness. Finally,

, T and R are the electrolyte

concentration, temperature and gas constant, respectively. The governing equations describing
the system at the electrode level are listed in Table 4.1.
Table 4.1: Electrode-level equations.
Solid-phase charge balance

Boundary conditions
at
at

∑∑

∑∑

|
Liquid-phase charge balance
at
(

(

)

(

)

)
(

)

(

)

|

|

at

|

|

at

at

Electrolyte mass balance
(

(

)
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)

at

(

(

)

(

) ∑

|

|

at

|

|

at

∑

at

)

Lithium foil counter electrode kinetics
*

(

(

)

(

|

))

(

(

|

))+

The charge balance across the conductive matrix of the porous electrode can be expressed as the
sum of the electronic current densities entering/leaving all active material particles [96]:
∑
where

∑

(4.9)

is the electronic current density through the conductive matrix and obeys the

electroneutrality condition with the liquid-phase current density , i.e.,

(

)

.

is the

total volume fraction of all active materials in the entire electrode and can be calculated from the
electrode capacity Q and active material capacity
calculated from the particle radius

.

, i.e.,

is the specific surface area and is
.

is the volume fraction of

particles composed of active material n with size m relative to the volume of all active materials
and can be calculated from the density

∑

(∑

and mass fraction

as follows:

(4.10)

)
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subject to the condition,
∑

∑

(4.11)

The mass fraction of each active material was determined using the method described in detail in
the previous chapter. The mass fraction of each particle size class in each active material was
obtained by fitting the model to experimental discharge curves, as will be discussed in the next
section.
All equations at the particle and electrode scales were coupled and solved simultaneously using
the COMSOL Multiphysics 4.4 finite-element simulation package. The electrode and separator
in the x-direction were each discretized into 10 intervals, while the particle domain was
discretized into 20 elements in the r-direction. All equations were solved numerically until the
simulation reached the stop condition corresponding to a cell voltage of 3.0 V on discharge.
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4.4 Results and Discussions
4.4.1 Surface morphology and particle size measurement

Figure 4.2: SEM images of NMC-LMO blended cathode surface obtained at different
magnifications. Image in (a) is shown at 1000x. Highlighted region in (a) is shown at
magnification 2000x in (b). Highlighted regions in (b) are shown at magnification 5000x in (c)
and (d).
SEM examination of the morphology of the electrode surface at 1000x and 2000x magnification
in Figure 4.2a and 4.2b, respectively, reveals a structure that is relatively homogeneous, but
made up of particles with a complex size distribution. Figure 4.2c shows an enlarged view of the
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area labelled as (c) in Figure 4.2b. It clearly reveals two types of particles that are labelled as
NO.1 and NO.2. As described in detail previously (Chapter 3), NO.1 corresponds to NMC
particles and NO.2 to LMO particles, while the composition of the blended cathode is 70 wt%
NMC and 30 wt% LMO. Furthermore, previous SEM and EDX analysis of the morphology of
the electrode surface shown in Figure 4.2c and 4.2d clearly revealed the presence of NMC
particles with two distinctly different size distributions. The first group of these particles is very
small with a diameter smaller than 1μm and is termed ‗primary‘ or ‗submicron‘ for our purposes
here. The other group includes larger particles that are a few micrometers in diameter and termed
‗secondary‘ or ‗micron‘ particles. These secondary particles have presumably formed by the
agglomeration/clustering of the primary particles. The LMO particles for the most part are large
with diameters of 1 – 3 μm. The large size difference between NMC primary and secondary
particles, i.e., ‗submicron‘ and ‗micron‘ scale, with a ratio of ca. 1:10 can be observed while
LMO ‗clusters‘ are composed of only a few distinguishable particles of a ratio of ca. 1:3
compared to the size of the cluster itself. Based on these considerations, we sub-divided NMC
particles into a submicron group and a micron group and fit a separate particle-size distribution
for each portion. Due to the difficulty in experimentally separating the NMC and LMO particles
from each other and using standard particle size measurement techniques on each group to
obtained their size distributions, we determined their sizes directly from SEM images and took
advantage of the fact that EDX analysis enabled us to distinguish between NMC and LMO
particles. The method we adopted was to analyze more than 300 NMC particles from several
SEM images obtained at 5000x and 1000x magnification, measure their diameters from these
images, separate them into submicron (smaller than 1μm) and micron (larger than 1μm) groups
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and fit functions to the size distributions of these two groups. Similarly, we analyzed more than
300 LMO particles from several SEM images at 5000x magnification, measured their diameters
and fit a single function to their size distribution.
The cumulative PSDs of the three groups of active materials, i.e., submicron and micron groups
for NMC and one group for LMO, measured from the SEM images are shown in Figure 4.3. In
each of the three cases, a log-normal function was found to fit the experimental data very well.
d50 values of 0.87μm and 9.29 μm were obtained for the NMC submicron and micron groups,
respectively, and 1.74 μm for the LMO particles.

Figure 4.3: Measured (symbols) and fitted (solid line) particle size distributions for (a) NMC
submicron group, (b) NMC micron group and (c) LMO. d10, d50 and d90 values are marked in
each case.
Although the complete size distributions for the submicron and micron groups of NMC particles
and micron group of LMO particles can be incorporated into Eqns. 4.1-4.3, this would greatly
complicate the model. Before resorting to such a level of complexity, we adopt the simpler
approach of assuming the particles in each of these groups have uniform size with a diameter
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given by the corresponding d50. Thus, using the nomenclature presented above, N = 2 since the
cathode contains two types of active materials NMC and LMO. NMC particles have two sizes
(M = 2), while LMO particles have only one size (M = 1). If n = 1 corresponds to NMC and n = 2
to LMO, then the particle radius

0.435 μm,

4.65 μm and

0.87 μm (see

Table 4.2).
Table 4.2: List of model parameters.
Parameter

Symbol

Cathode area (m2)

LMO

NMC
0.0001013m

A

5.7×10−5m

Electrode thickness (m)
Cathode capacity (Ah)

0.002m

Q

Total active-material volume fraction

0.558Cal

Solid-state thermodynamic factor

Eqn. 5
4.65×10−6m
(micron group)
8.7×10−7m

Radius of type n particle in size class m (m)

4.35×10−7m
(submicron
group)

Capacity of type n particle (Ah kg−1)
Maximum lithium concentration in type n
−3

particle (mol m )
Density of type n particle (kg m−3)
Charge-transfer

coefficient

for

charge

transfer on type n cathode particle

100[73]

151[19]

23339[73]

49761[19]

4220a

4770a

0.5a

0.5a
0.35a

Electrode porosity
Initial electrolyte concentration (mol m−3)

ce
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1000m

2.5×10−5m

Separator thickness (m)

0.36a

Lithium ions transference number
Bulk diffusion coefficient in the electrolyte

5.2×10−10[83]

2 −1

(m s )
Bulk ionic conductivity of the electrolyte (S

1.3[83]

−1

m )
Charge-transfer

coefficient

for

charge

0.5a

transfer on Li foil electrode

0.37Celgard

Separator porosity

1.5a

Bruggeman exponent
Effective electronic conductivity (S m-1)

9.65m

Exchange current density on Li foil electrode

20a

−2

(A m )
Faraday constant (C mol−1)

F

96485

Gas constant (J mol−1 K−1)

R

8.314

Temperature (K)

T

298

m: measured
Celgard: Celgard product data sheet
a: assumed based on literature
Cal: Calculated based on measurement
According to the model proposed by Dargaville and Farrell [98], agglomerates constitute
mesoscale porous particles composed of smaller primary particles and conductive additives with
electrolyte filling in the pores. The charge-transfer reaction occurs at the surfaces of the smaller
particles wherever both electron and reacting ion are present. In brief, porous-electrode theory
can be applied to the secondary particles. However, it adds to the complexity of the model and
requires agglomerate parameters to be known. In this analysis, we assume the secondary
64

particles are nonporous and solid-state diffusion is the sole means of species transport across the
particle.

4.4.2 Equilibrium-potential functions
The equilibrium potentials for lithiation/delithiation of NMC and LMO have been obtained from
references [19] and [73], respectively. For both materials, C/25 galvanostatic charge/discharge
conditions were found to be slow enough for the resulting potential-stoichiometry curves to
reflect suitable equilibrium potentials over the potential window of 3.0 - 4.2V. In the current
study, we assume that the equilibrium potential of each active material is the average of the
charge and discharge curves at any given degree of lithiation obtained at the rate of C/25.
The stability window of the electrolyte used for the cell assembly determines the upper and
lower cut-off potentials of any battery active material. With the active materials and the
electrolyte used here, the potential window of 3.0 – 4.2 V vs. Li/Li+ guarantees the stability of
the two active materials as well as the electrolyte. The theoretical capacity of NMC is 277Ah
kg−1 while its usable capacity is about 151Ah kg−1 (the remaining unused capacity of 126Ah kg−1
is used to protect the crystal structure from damage due to excessive charging beyond 4.2 V) [19].
Therefore, the initial value of

for NMC particles in the blended cathode during discharge

(final value during charging), which corresponds to the minimum lithium content, was taken to
be (277-151)/277 = 0.45. The same analysis holds true for LMO where
particles at a potential of 4.2V and so

= 0.35 for LMO

= 0.35 is taken to be the initial value for this

component of the blended cathode. Both the simulations and experiments were conducted until
= 1.0 (i.e., assumed to coincide with the lower cut-off potential of 3.0 V) in both types of
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particles during discharge. Based on the above consideration, two functions previously proposed
in Refs. [99] and [100] are fitted separately to the experimental equilibrium potentials of NMC
and LMO to yield Eqns. 4.12 and 4.13, respectively:
(

)
(

(

)

(4.12)
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4.4.3 Effective electronic conductivity
The effective electronic conductivity of the electrode was measured using a four-probe setup.
Prior to this conductivity measurement, the samples had been treated by soaking in a 1M NaOH
solution for few minutes at ambient temperature and a fast delamination of the electrode had
been observed driven by hydrogen bubbling at the interface between the porous electrode and the
aluminum current collector. This is due to the fast Al dissolution in the presence of sodium
hydroxide according to the following chemical reactions:
(
(

)

)
[ (
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) ]

It has been shown in previous studies that the PVDF binder [101-103] and conductive additive
[104-105] are not damaged and that the electrode active materials NMC [106-107] and LMO
[108] are not corroded under the conditions applied during this process.
The 4-point probe setup consists of four equally spaced metal tips with finite radius making
contact with the test subject along a line. The electric current is carried through the two outer
probes and the voltage is recorded across the inner two probes. Valdes [109] considered seven
different measurement cases and provided formulas and correction divisors to compute the
resistivity based on geometrical considerations for each one. The samples in this study fall into
case 7 analyzed by Valdes (after removal of the aluminum collector). Accordingly, the equation
used to determine the effective electronic conductivity is given as:
(

where

,

)

(4.14)

and

are the applied current, measured potential difference and electrode

thickness, respectively. Once the voltage response to various applied currents was determined
(Figure 4.4), the effective electronic conductivity was calculated by fitting Eqn. 4.14 to the data.
It should also be noted that the applied current was small enough not to burn the porous electrode.
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Figure 4.4: The measurement of effective electronic conductivity of the electrode.
The estimated value of the effective electronic conductivity (9.65 S m-1) is within the range of
conductivity values of various porous battery electrodes measured using a multi-probe method
developed in Ref. [110].
The dimensional analysis of Ohm‘s law applied to porous electrodes reported in Ref. [97] yields
the following simple equation for

(

where

across the x-axis in a porous electrode:

)

(4.15)

is the average solid-phase potential. Given that the parameters L and σeff have values

of 57×10−6 m and = 9.65 S m−1, respectively, the order of the first term is O(10−6 ), while the
second term

is of order ( ). Therefore, only at extremely high currents is the solid-phase

potential non-uniform given the uniform conductive filler dispersion and the effective
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conductivity estimated earlier. In other words, the value of such a large effective electronic
conductivity has no significant impact on the electrode potential over the operating conditions of
interest to this research. The effect of the electrode formulation and its microstructure on the
effective conductivity is beyond the scope of this paper and will not be discussed here. The
model parameters either measured or obtained from the literature are listed in Table 4.2.

4.4.4 Fitting of model to experimental potential-capacity curves
The six remaining model parameters with unknown values are the rate constants for charge
transfer

of NMC and

of LMO, binary diffusion coefficient

binary diffusion coefficient

of Li in NMC particles and

of Li in LMO particles and the mass fractions

and

of

NMC particles in the submicron and micron groups, respectively, relative to the total mass of
active material. Since the total mass fraction of NMC particles in both the submicron and micron
groups is already known from our previous study to be 0.7,
independent of each other, i.e.,

and

are no longer

0.7. The five parameters are then adjusted to fit the

model presented in the previous section to the complete set of experimental potential-capacity
curves obtained at the rates C/25, C/10, C/5, C/2, 1C and 2C. The results are shown in Figure 4.5.
Table 4.3 presents the values of

,

,

,

,

and

so obtained by this fitting procedure.

As shown in Figure 4.5a, the agreement between the model-fitted and experimental curves is
very good at all currents. A small discrepancy is observed at potentials close to 3.6V. This can be
explained by the fact that the NMC equilibrium potential in the model is assumed to be the
average value between the potentials obtained during a low-rate discharge and a low-rate charge
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at each Li stoichiometry, as detailed before, and the hysteresis between the discharge and charge
curves is largest at this potential.

Figure 4.5: Comparison of the experimental and model-fitted (a) potential-capacity curves and (b)
end-of-discharge capacity-current curves for discharge of a blended cathode with NMC: LMO
composition of 0.7:0.3 by mass.
The dependence of the end-of-discharge capacity on the current for the NMC-LMO (70:30 wt%)
blended cathode as determined experimentally and from the model is presented in Figure 4.5b.
The capacities plotted in this case are obtained from Figure 4.5a and correspond to the values
when the cell is in its discharged state at the lower cut-off potential of 3.0 V. Again, the modelfitted curve agrees very well with the experimental curve.
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Table 4.3: List of model parameters.
Parameter

Symbol

Rate constant for charge transfer on

LMO

NMC

3×10−11f

3×10−11f

1.0×10−16f

1.1×10−16f

0.3Chapter 3

0.22f

type n cathode particle (mol/[m2s(mol
m−3)1.5])
Binary diffusion coefficient of Li in
type n particle (m2 s−1)
Mass fraction of type n particle among
total active materials

(micron group)
0.48f
(submicron group)

f: fitted in the current study to the experimental potential-capacity data
In the following sensitivity analysis, the rate constants of the two active materials will be
discussed when they are decreased or increased by one order of magnitude, i.e., from 3×10−12 to
5×10−10. Our values for these two parameters lie within the reported values [73, 99, 111]. From
the knowledge of the binary diffusion coefficients for Li (Table 4.3) and the dependence of the
equilibrium potential

on

, both the NMC and LMO chemical diffusion coefficients

can be calculated using Eqns. (4.4) and (4.5) as functions of the local lithium concentration
within active particles. A similar approach has been reported previously for other chemistries [35,
83, 97, 112-115]. The resulting values of the diffusion coefficients presented in Figure 4.6 vary
from ~10−16 to ~10−15 m2s−1 and from ~10−17 to ~10−16 m2s−1 for NMC and LMO, respectively,
and are well within the range of those estimated previously for these active materials by
characterizing single-component electrodes. For instance, values in the ranges 10−16 to 10−14
(model) [19] and 10−18 to 10−17 m2s−1 (PITT) [23] were obtained for NMC and LMO,
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respectively. However, other values, such as 3.9×10−21 to 2.4×10−17 for NMC (EIS) [21] and
10−17 to 10−12 (CV, PSCA, EIS and model) [10-16, 116] for LMO, were found depending on the
particle size, crystal defects in the samples and the measurement techniques used.

Figure 4.6: Calculated chemical diffusion coefficient of Li as a function of Li content during
discharge of the single component (a) NMC and (b) LMO cathodes.
The differential-capacity curve is an intrinsic electrochemical signature for each active cathode
material and so provides a good means for analyzing the contributions of each component to the
electrode response over the course of lithiation or delithiation. In our previous section in chapter
3, the normalized differential capacity was used to successfully identify the active components in
a blended cathode by matching the positions of three peaks for the same blended cathode, i.e.,
~3.75V, ~4.00V and ~4.14V, with those obtained for single-component NMC and LMO
cathodes (see Figure 3.2 of Chapter 3). The results showed that the first peak is associated with
NMC, while the other two peaks are attributed to LMO. A comparison of the experimental and
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simulated differential-capacity curves is presented in Figure 4.7. The determination of the
differential-capacity curves essentially entails the numerical estimation of the tangents at many
points along the potential-capacity curves. Consequently, the values so obtained are very
sensitive to small changes and subtle details of the potential-capacity curves. A comparison of
the experimental and computed curves in Figure 4.7 shows good agreement at all rates, most
notably with regard to the peak positions. The good agreement between the measured and
simulated curves gives confidence that the multi-particle model is able to accurately capture the
contributions of NMC and LMO to the overall response at different rates.

Figure 4.7: Experimental and computed differential-capacity curves of the NMC-LMO blended
electrode at a C-rate of (a) C/25 (b) C/10 (c) C/5 (d) C/2 (e) 1C and (f) 2C.
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The differential-capacity curves from C/25 to 2C exhibit either three (C/25, C/10, C/5 and C/2)
or two (1C and 2C) peaks, reflecting that both NMC and LMO contribute to the discharge
behavior at all rates. The peak positions in the differential-capacity curves continually shift
toward lower potential as the C-rate increases. This trend is understandable given that the
potential at any capacity during the discharge process would be expected to decrease (i.e.,
increase in overpotential) when the C-rate is raised (Figure 4.5a). In addition, the NMC signature
peak appearing at the lowest potential decreases in magnitude, whereas the LMO signature peak
at an intermediate potential increases in magnitude as the C-rate increases. At the same time, the
other peak at high potential associated with LMO gradually shrinks and finally disappears
altogether when the current reaches 2C.
The contributions of the total current and capacity of the blended cathode due to the LMO
component at charge rates of C/25 and 2C over the course of the discharge, as computed
according to the model, are presented in Figure 4.8a and 4.8b. Two maxima in the LMO
contribution appear during the initial stages of discharge at low C-rate (Figure 4.8a). However, at
high C-rate, only a single maximum in the current contribution of LMO is observed (Figure
4.8b), which coincides with the disappearance of one of the LMO differential-capacity peaks.
The LMO component always contributes the higher proportion of the total current in the blended
NMC-LMO cathode during the first half of discharge. The peak in the differential-capacity
curves associated with LMO which occurs at higher potential (Figure 4.7) contributes more to
the discharge current early in the overall cell discharge (Figure 4.8a and 4.8b) at lower rates (e.g.,
C/25) than at higher rates (e.g., 2C). As shown in Figure 4.8a and 4.8b, the LMO particles are
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completely lithiated by the time the cell approaches the midpoint of the discharge process
whereupon their contribution to the overall current sharply drops to zero.
Once the LMO capacity has been consumed, NMC begins to fully dominate the discharge
current of the blended cathode. Throughout the second half of the discharge process, virtually all
of the current involves the NMC particles. An inflection point is observed in the capacity
contribution curves for NMC at both C/25 and 2C (Figure 4.8c and 4.8d) and coincides with the
point where the LMO particles become largely spent.

Figure 4.8: Variation in the total current and capacity of the blended cathode due to the LMO and
NMC components with normalized time (i.e., with respect to the moment when simulations
reach the lower cut-off potential of 3.0 V on discharge) over the course of a single discharge at
rates of C/25 and 2C, i.e. (a) LMO-C/25 (b) LMO-2C (c) NMC-C/25 and (d) NMC-2C.
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4.4.5 Sensitivity analysis
The sensitivity of the 5 fitted parameters reported in Table 4.3 and the effective electronic
conductivity has been investigated by adjusting one parameter at the time while holding the
others constant at their values listed in Table 4.2 and 4.3. The results are shown in Figure 4.9.
The rate constants of the two active materials have almost no significant impact on the discharge
curves at low C-rates (e.g., C/5); however, at high C-rates (e.g., 2C), the rate constant associated
with NMC lithiation significantly affects the electrode potential and shifts the corresponding
differential capacity peak towards lower potentials when it is decreased by one order of
magnitude (Figure 4.9a). The rate constant of LMO lithiation affects the high-potential region of
the potential-capacity curve and causes the associated peak in the differential capacity- potential
curve to almost disappear when it is decreased by one order of magnitude (Figure 4.9b). The
binary diffusion coefficient of NMC has a significant impact on the end-of-discharge capacity at
both low and high C-rates; however, it does not affect the signature shape of the discharge curves
as the differential-capacity curve remains almost unchanged regardless of the NMC binary
diffusivity (Figure 4.9c). On the other hand, the binary diffusion coefficient of LMO has almost
no impact on the end-of-discharge capacity regardless of the applied current but affects the highpotential differential-capacity peaks at 2C; the larger the diffusivity the greater the peaks
intensities (Figure 4.9d). The end-of-discharge capacity is very sensitive to the size distribution
of NMC particles (i.e.,

) both at low and at high applied currents (Figure 4.9e), while the

differential-capacity curve is not affected by changes in the NMC particle-size distribution.
Finally the effective electronic conductivity is not a sensitive parameter at least for the operating
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currents of this study (Figure 4.9f), which is expected according to the dimensional analysis
discussed earlier.
Overall, based on the sensitivity analyses of the 6 parameters, it is concluded that solid-state
diffusion within NMC (i.e., both diffusion coefficient and particle-size distribution of the micron
group) is the main limiting phenomenon during the discharge process. This is not surprising due
to the fact that NMC contributes 70 wt% to the overall active material loading, one-third of
which is in the form of large agglomerates (see Table 4.3).

Figure 4.9: Multi-particle model sensitivity to (a)
[m2s(mol m-3)1.5]-1) (c)

(m2s-1) (d)

(m2s-1) (e)

(mol [m2s(mol m-3)1.5]-1) (b)

and (f) σeff (S m-1) at discharge rate of

C/5 and 2C. 2C differential-capacity curves are shown in inset.
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4.4.6 Particle-size effect
As discussed previously, the size of the NMC particles is best described in terms of two separate
groups, the submicron group and the micron group, with distinct distributions. These two groups
combine to yield the overall performance contribution due to NMC presented in Figure 4.8c and
4.8d. The breakdown of the contribution of NMC according to these two groups is plotted in
Figure 4.10. The trends for the capacity contribution during discharge are similar for both groups;
however, the submicron particles contribute much more to the current and capacity than do the
micron particles. This result is not surprising since both diffusion and charge-transfer reaction
limitations are smaller for the submicron particles than for the micron particles. Moreover, the
cathode contains many more submicron NMC particles than micron particles (note their mass
fractions in Table 4.3).

Figure 4.10: Variation of the fraction of the total current and capacity of the blended cathode due
to the submicron and micron NMC groups with normalized time over the course of discharge at
the rates of (a) C/25 and (b) 2C.
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The utilization of active particles is defined as the ratio of the amount of lithium within the
spherical particles [83] to the maximum amount based on

and can be calculated according

to Eqn. 4.16:
∫

∫

(

)

∫(

(

)

).

/

.

/

(4.16)

The value at the end of discharge is called the maximum utilization. A similar trend is evident
upon examination of the effect of current on the maximum utilization of the LMO particles and
the two groups of NMC particles as computed by the model and presented in Figure 4.11. The
maximum utilization of the micron NMC particles drops from 0.95 to 0.65 with an increase in
the discharge rate from C/25 to 2C. On the other hand, the maximum utilizations of both the
LMO and submicron NMC particles remain above 0.97 at all C-rates, indicating that they
contribute fully to the current and capacity until the lower cut-off potential is reached. The
overall effect of the three classes of particles is that the total capacity of the blended cathode
decreases as the discharge rate rises. Since the LMO and submicron NMC particles are
considerably smaller than the micron NMC particles, these simulations once again emphasize
that the size of NMC particles is a key factor affecting the total end-of-discharge capacity of the
blended cathode.
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Figure 4.11: Effect of current on the maximum utilization of the LMO particles and the
submicron and micron groups of NMC particles in the blended cathode.
To further investigate the effect of particle size, we use the model to compute the effect of
current on the normalized end-of-discharge capacity of blended NMC: LMO cathodes with 70:30
wt% composition as determined at a potential of 3.0 V for the cases where the NMC particles are
submicron only, micron only and submicron-micron mixtures obtained by end-of-discharge
capacity as shows in Figure 4.5b (current case). As shown in Figure 4.12, if all NMC particles
have the same submicron radius of 0.87μm, the cathode achieves the highest capacity at any Crate due to its greater utilization. For example, at the highest C-rate of 2C, the capacity reaches a
level approximately 15% higher than that attained if the NMC component is made up of a
mixture of submicron-micron particles. However, if all NMC particles are in the micron group
and have a radius of 4.65μm, the NMC utilization and the cathode capacity are dramatically
lower; the capacity is 52% lower at a 2C charge rate than if all NMC particles are submicron.
80

Figure 4.12: Effect of current on normalized capacity for electrodes composed of blended NMC
and LMO with 70:30 wt% composition for the cases where the NMC particles are submicron
only, micron only and ‗blended‘ submicron-micron obtained by averaging according to the mass
fraction of these two groups.
On the basis of the analysis above, it appears that reducing the amount of micron-sized particles
and increasing the amount of submicron-sized particles in blended cathodes can effectively
improve the utilization of NMC and further increase the cathode capacity, especially for
discharge at high C-rates. During the material synthesis, a small and uniform primary-particle
size is required to achieve a high material utilization. In addition, electrode manufacturing
technology must be optimized to reduce active material particle agglomeration and clustering.
Formation of secondary particles reduces ionic (i.e., through electrolyte) and electronic (i.e.,
through conductive matrix) access to the active sites. If the liquid-phase ionic percolation to the
interior active sites in a porous secondary particle of a given size becomes less facile than the
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solid-state diffusion in a hypothetical primary particle of the same size, then the latter dominates
Li transport and the secondary particle behaves effectively as a large nonporous particle [93,
117-121]. Adequate fit of the model to the experimental data suggest that our assumption of
nonporous secondary particles is in fact a plausible assumption that significantly reduces model
complexity and computational cost. Future work could be to model the porous agglomerate to
account for ionic and electronic losses across the porous secondary particles to further verify or
reject our assumptions here. To be of practical value, such a complex model, however inclusive,
requires accurate estimation of agglomerate parameters such as porosity and effective
conductivity.
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Chapter 5 Dynamics analysis for the blended cathode
The following section is based on the work ‗Dynamics of a Blended Lithium-Ion Battery
Electrode During Galvanostatic Intermittent Titration Technique‘ and ‗Asymmetry in Dynamics
of Charge/Discharge in a Blended Lithium-Ion Cathode‘ by Z. Mao et al. and the former is
submitted to Electrochimica Acta and the latter is ready for submission. This thesis author
specific contribution to this paper was to: develop the model, conduct the simulations and
experiments, prepare all the graphics and results, and prepare the final manuscript and reviewer
edits with direction from the project supervisors who were M. Fowler, Z. Chen and M. Pritzker.
M. Farkhondeh offered advice on the modelling and the use of Galvanostatic Intermittent
Titration Technique.

5.1 Introduction
Blended cathodes have been adopted within the growing electric vehicle market to further
improve the electrode performance of lithium-ion batteries (LIB) for hybrid-electric vehicles
(HEVs) and plug-in hybrid-electric vehicles (PHEVs) [74]. The blending of different crystalline
structure materials such as layered-spinel mixtures LiNixCoyAl1-x-yO2 -LiMn2O4 (NCA-LMO)
[73, 80], LiNixMnyCo1-x-yO2 -LiMn2O4 (NMC-LMO) [79]), layered-layered mixtures
(LiNixCoyAl1-x-yO2 - LiCoO2 (NCA-LCO) [81]), layered-olivine mixtures (LiCoO2-LiFePO4
(LCO-LFP)[89]), spinel-olivine mixtures (LiMn2O4-LiFePO4 (LMO-LFP) [90]) allows the best
properties of the individual active materials to be combined to improve the energy or power
density as well as the cycling and storage durability. If successful, the electrochemical
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performance of blended cathodes would be expected to be superior to that of single material
systems.
NMC-LMO blended systems for electric vehicle applications have been recently developed by
several battery companies [74, 79]. Cathodes made of spinel LMO have a high operating
potential and good rate capability while NMC cathodes have high capacity and good capacity
retention. Therefore, a mixture of NMC and LMO yields an electrode with a balanced
electrochemical performance in terms of specific capacity and working potential. However,
LMO is plagued with fast capacity fade (poor cycle life) and low capacity retention after longterm storage at elevated temperatures. This behavior is mainly attributed to Mn dissolution and
its reduction on the anode (e.g., graphite in a full LMO/graphite cell) [42, 46], which causes the
interfacial contact resistance [42] and charge-transfer impedance at the interface between
graphite and electrolyte [49] to rise and a coulombic imbalance to develop [50]. Fortunately,
when LMO is mixed with NMC as a blended cathode, a synergistic interplay between the two
materials is observed. The presence of NMC appears to suppress Mn dissolution and enable the
blended cathode to exhibit cycling or storage performance that is often better than expected from
a LMO electrode [50, 61-62].
The galvanostatic intermittent titration technique (GITT) is a very powerful electrochemical
procedure that has been used to analyze the dynamics of electrode processes such as material
phase formation, structural transitions or mass transport and estimate the corresponding
parameters. A number of researchers have applied this method to study lithium-ion batteries. For
example, Dees et al. [122] and Gowda et al. [123] investigated the polarization and relaxation
behavior of lithium- and manganese-rich layered transition metal oxides to understand the
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structural transitions that occur in the cathode. Gallagher et al. [124] used GITT to evaluate the
rate constants for phase formation and consumption of lithiated graphite. Bach et al. [125]
carried out GITT measurements to analyze the lithiation and delithiation mechanisms of a gold
film serving as a lithium-ion battery anode. Birkl et al. [126] used GITT to determine the
equilibrium potentials of NMC and graphite electrodes, while Wu et al. [19] estimated the
lithium ion solid-state diffusion coefficient in an NMC electrode based on a physicochemical
model. However, GITT analysis of a blended electrode to investigate the thermodynamics and
dynamic processes during charge-discharge has still not been reported. This method is
particularly well suited to investigate the effects of the different size fractions and chemical
composition and the interaction between the active components of a blended electrode, as will be
shown in this chapter.
Both the optimization of electrode design and fundamental analysis of the behavior of blended
electrodes benefit from physics-based mathematical models which can simulate the electrode
response to an electrochemical process. Moreover, these models are able to compute certain
quantities that are not easily measured. However, only few mathematical models of blended
cathode systems have been reported. Albertus et al. [73] presented a model to describe the
influence of NCA-LMO blended cathode composition on the charge-discharge curves based on a
distribution of contact resistances between the active material and the conductive matrix. Jung
[79] developed a model of an NMC-LMO cathode and graphite-soft carbon anode to simulate
and predict their performance.
In our previous section in chapter 4, we developed a pseudo-two-dimensional (P2D) multiparticle model of an NMC-LMO blended cathode that was able to accurately describe the effect
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of the C-rate on the galvanostatic discharge and account for the effect of multiple particle sizes
of the different active materials. In an earlier section (chapter 3), we showed that a simpler
version of the model (i.e., no porous-electrode effects included) gave excellent fits to
experimental potential-capacity and differential capacity-potential curves at low rates and could
be used to accurately predict the composition of a blended cathode. In the current work, the
multi-particle model is adapted to describe the potential response of the same NMC-LMO
cathode to intermittent galvanostatic pulses in order to gain further insight into the kinetic and
thermodynamic parameters of the system. In addition, the applicability of the multi-particle
model to galvanostatic charge is examined. A particular focus of the GITT experiments in this
study is to investigate the transport characteristics of intercalated species within the active
materials under the conditions of a small-current or short-time electrochemical perturbation. On
the basis of the model, it is possible to resolve the separate charge-discharge characteristics of
the NMC and LMO components in the blended cathode during the relaxation period after a short
discharge pulse. This analysis provides an explanation for some unique phenomena that occur
within the blended cathode, such as the synergy between the two active materials.
Moreover, in the current chapter, the multi-particle model is used to examine the asymmetry
between the galvanostatic charge and discharge processes in the NMC-LMO blended cathode
operating at the different C-rates. Possible reasons for this asymmetry are analyzed using this
multi-particle model.
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5.2 Experimental
In this chapter, coin cells were fabricated from a fresh and unused commercial pouch cell
containing blended NMC-LMO cathode sheets coated on both sides of an aluminum current
collector. Only one of these cathode sheets was used to make the coin cells. The solvent Nmethyl-2-pyrrolidone (NMP) was applied to the cathode sheet on one of the sides to dissolve
away the binder and allow the remaining cathode material to be easily wiped away and
discarded. Electrode discs with 0.712 cm2 area were punched out of the NMC-LMO material
remaining on the other side and then washed in dimethyl carbonate (DMC) to remove any salt
deposited on their surface. Then, cathode|separator|Li coin cells were fabricated with a lithium
foil as reference/counter electrode and Celgard 2500 as separator soaked in an electrolyte of 1 M
LiPF6 dissolved in a 1:1 (weight basis) EC/DMC solution. The entire process above was
conducted in an argon-filled glove box.
These coin cells were subjected to a series of tests using a battery cycler (Neware CT-3008-5V10
mA-164-U) at the room temperature. In order to ensure that each cell had attained the same
stable state at the start of the GITT experiment, it was subjected to 5 consecutive CCCC
formation cycles between a lower cut-off potential of 3V and an upper potential of 4.2V. The
specific experimental waveform of the cycling was described in our previous study (chapter 4).
Following these 5 formation cycles, we subjected the coin cell to a GITT experiment. Each GITT
experiment consisted of a sequence of 10 galvanostatic pulses at a given discharge current
separated by a fixed relaxation period in which no current was applied. These pulses involved a
discharge current of either 1C, C/2 or C/5 (corresponding to pulse widths of 6, 12 and 30 min,
respectively) and an interval relaxation time of either 15 min or 2 h (1C rate corresponds to 1.38
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mA of applied current). At each discharge current, GITT experiments were conducted at the two
relaxation times in succession. A fresh coin cell was used for each of the three applied currents.
This entire procedure was repeated a second time with a new set of fresh cells and found to yield
very reproducible experimental data. Through a combination of each of these discharge currents
and relaxation periods, six different GITT experiments were conducted. For example, the first
GITT consisted of the following steps: i) charge at C/50 until a potential of 4.2 V was reached,
ii) 2 h rest period, iii) discharge at 1C for 6 min, iv) 15 min rest period, v) repetition of steps iii)
and iv) 9 times, vi) discharge at C/50 until a potential of 3.0V was reached and vii) 2 h rest
period. The purpose of steps i) and vi) was to ensure the cell was fully lithiated at the start of the
GITT experiment and fully delithiated at the end of each experiment. The applied current and
duration time in step iii) and rest period in step iv) were changed for each GITT experiment, as
discussed above. Moreover, the galvanostatic experiments on charging were carried out for
applied currents: C/25, C/10, C/5, C/2, 1C and 2C, based on the experimental steps and coin-cell
sets described in chapter 4.

5.3 Mathematical Model
To simulate the potential response of the NMC-LMO blended electrode to the intermittent
galvanostatic pulses in the GITT experiments, the multi-particle mathematical model presented
previously is implemented to describe the lithiation/delithiation dynamics at the particle and
electrode scales [84, 96]. The defining feature of the multi-particle model lies in considering
each of the two active electrode components NMC and LMO to have a non-uniform particle size
distribution consistent with the actual physical and material characteristics (Figure 5.1). The
model was verified in a previous study by successfully fitting it to experimental galvanostatic
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discharge curves (chapter 4). The governing equations and corresponding boundary conditions at
both the particle and electrode levels are shown in Table 5.1. The numerical values of the model
parameters used are listed in Table 5.2. All equations and parameters were taken from chapter 5
without any change. The system of equations was solved using the COMSOL Mutiphysics 4.4
finite element software package.

Figure 5.1: Schematic diagram showing the cell configuration used for the pseudo-twodimensional multi-particle model of the NMC-LMO blended cathode.
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Table 5.1: Summary of governing equations and corresponding boundary conditions
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Table 5.2: List of model parameters.
Parameter

Symbol

Cathode area (cm2)

LMO

NMC
1.103/0.712m

A

5.7×10−5 m

Electrode thickness (m)
Cathode capacity (Ah)

0.002 m

Q

0.558 Chapter 3

Total active-material volume fraction

4.65×10−6 m
(micron
Radius of type n particle in size class m

8.7×10−7 m

(m)

group)
4.35×10−7 m
(submicron
group)
0.22 Chapter 4
(micron

Mass fraction of type n particle among

0.3 Chapter 3

total active materials

group)
0.48 Chapter 4
(submicron
group)

Rate constant for charge transfer on

3×10−11
Chapter 4

3×10−11 Chapter 4

1.0×10−16

1.1×10−16

type n particle (m2 s−1)

Chapter 4

Chapter 4

Capacity of type n particle (Ah kg−1)

100 [73]

151[19]

23339 [73]

49761[19]

2

type n cathode particle (mol/[m s(mol
m−3)1.5])
Binary diffusion coefficient of Li in

Maximum lithium concentration in
−3

type n particle (mol m )
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Density of type n particle (kg m−3)
Charge-transfer coefficient for charge
transfer on type n cathode particle

Initial electrolyte concentration (mol
−3

m )

Celgard

0.36 Chapter 4

coefficient

in

the

of

the

5.2×10−10 [83]

2 −1

electrolyte (m s )
ionic

0.5 Chapter 4

2.5×10−5

Lithium ions transference number

Bulk

0.5 Chapter 3

1000 m

ce

Separator thickness (m)

diffusion

4770 Chapter 3

0.35 Chapter 3

Electrode porosity

Bulk

4220 Chapter 3

conductivity

1.3 [83]

−1

electrolyte (S m )
Charge-transfer coefficient for charge

0.5 Chapter 4

transfer on Li foil electrode
Separator porosity

0.55Celgard

Bruggeman exponent

1.5 Chapter 4

Effective electronic conductivity (S m1

10.10 m

)

Exchange current density on Li foil

20 Chapter 4

−2

electrode (A m )
Faraday constant (C mol−1)

F

96478

Gas constant (J mol−1 K−1)

R

8.314

Temperature (K)

T

298

m

: measured

Celgard

: Celgard product data sheet
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5.4 Results and Discussions
5.4.1 Comparison of model simulations to experimental discharge GITT
responses

Figure 5.2: Comparison of the experimental and simulated responses to the GITT pulses
consisting of the following discharge currents and rest intervals: (a) 1 C (6 min), 15 min (b) 1 C
(6 min), 2 h (c) C/2 (12 min), 15 min (d) C/2 (12 min), 2 h (e) C/5 (30 min), 15 min rest (f) C/5
(30 min), 2 h.
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As shown by the experimental and simulated responses in Figure 5.2, the multi-particle model
gives excellent predictions of the GITT curves in an NMC-LMO blended cathode over a wide
range of discharge rates (1C, C/2 and C/5), pulse durations (6 min, 12 min and 30 min) and
interval relaxation periods (15 min and 2 h). At the higher C-rates of 1C and C/2 and a relaxation
period of 15 min (Figure 5.2a and 5.2c), the simulated potential evolution during each of the
middle four or five discharge pulses is slightly steeper than that actually measured. However, in
the case of the smaller current of C/5 (Figure 5.2e), the simulated potential remains very close to
the experimental value over the majority of the GITT experiment. Moreover, the potential drop
which becomes progressively smaller with each successive pulse is accurately tracked by the
model. A comparison of the responses in Figure 5.2a, 5.2c, 5.2e to Figures 5.2b, 5.2d, 5.2f
enables the effect of the length of the relaxation period (15 min to 2 hours) following each
current pulse to be discerned for both the simulated and experimental responses. This analysis
shows that the model becomes more accurate when the relaxation time after the discharge pulse
is extended from 15 min to 2 h. This suggests that the model is more effective for those
experiments with a long enough relaxation period for the system to return more closely to its
equilibrium state.
It should be acknowledged that the model does not capture the observed behavior as well during
the last two or three pulses in each of the experiments. When the cell is almost fully discharged,
its measured potential tends to drop very rapidly, making it difficult for the simulations to closely
track it. Also, in several cases, the simulation terminated early since the potential reached the
lower cut-off value of 3.0 V (Figure 5.2a, 5.2b and 5.2c). On the basis of the cases shown in
Figure 5.2, the model is most accurate for GITT discharge at lower rates (i.e., C/5, 30 min
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discharge time) with longer relaxation periods (i.e., 2 h) (Figure 5.2f). Consequently, we restrict
ourselves to these conditions in the subsequent analysis of the model to explore other aspects of
the dynamics of the blended electrode during intermittent operation.
The multi-particle model permits the contributions of the two active materials (LMO and NMC)
to the internal dynamics of the blended cathode to be determined over the ten C/5 discharge
pulses of the GITT experiment shown in Figure 5.3, each of which is followed by 2 h relaxation.
The LMO component contributes a higher proportion of the overall current than NMC during the
first three pulses. Also, the LMO contribution over the first five pulses or the first half of the
GITT process (Figure 5.3a) is similar to that obtained in our previous galvanostatic discharge
experiment (chapter 4). When the operation of the cell is shifted into the relaxation phase after
the discharge pulses, the currents due to both NMC and LMO do not immediately decrease to
zero. In fact, the currents have not yet reached zero by the end of each of the 2 h relaxation
periods that follow the first five pulses (Figure 5.3b). Obviously, the current generated by LMO
is always opposite in sign and exactly cancelled by the current generated by NMC during the
relaxation periods. In order to examine the dynamics of this process in more detail, the responses
of two current pulses marked PULSE 1 and PULSE 2 in Figure 5.3a (magnified in Figure 5.4)
are examined. PULSE 1 shows the response during the 1st pulse applied during the GITT
experiment, whereas PULSE 2 corresponds to the 5th pulse in the sequence of ten. Throughout
the 30 min of discharge during PULSE 1, more current flows through LMO than through NMC
(Figure 5.4a). Once the current is turned off at the start of the relaxation period, the NMC current
changes instantaneously in the negative direction and then becomes positive again relatively
soon afterward (Figure 5.4a, 5.4b). LMO continues to be discharged (i.e., positive current), albeit
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at a decreasing rate, over the time period marked by points A and B, while NMC is now being
charged (i.e., negative current). This signifies that lithium is being transferred from NMC to
LMO within the cathode over this relatively short time period. The preferential discharge of
LMO over that of NMC is consistent with the finding above that most of the discharge current
during the first few pulses flows through LMO. This trend continues until point B is reached,
whereupon the LMO and NMC currents both pass through zero and a crossover occurs. At this
crossover point, the electrode is not stabilized although the current flowing through component is
zero. Thereafter, NMC is discharged and LMO is charged over the remainder of the relaxation
period. Over this last portion of the relaxation period, the magnitudes of both currents first rise to
a maximum and then gradually decrease back toward zero.

Figure 5.3: (a) Variation of the LMO and NMC currents with time over the course of the ten
GITT discharge pulses conducted at C/5 (30 min) followed by 2 h relaxation. The circled region
in (a) is shown at higher resolution in (b).
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Since PULSE 2 occurs midway through the GITT, LMO has reached close to a fully lithiated
state, whereas NMC has not (Figure 4.8 in chapter 4) when this pulse begins. Not surprisingly,
the LMO current is much lower than the NMC current during the 30 min discharge period of
PULSE 2, as shown in Figure 5.4c. The subsequent charge-discharge behavior during the
segments DE and EF of the relaxation period (Figure 5.4d) follows the same trend as that during
the segments AB and BC, respectively, that follow PULSE 1 (Figure 5.4b), i.e., first discharge
and then charge of LMO and the opposite for NMC. The main difference between the electrode
dynamics during the relaxation periods of PULSE 1 and PULSE 2 is the change of current and
the relative length of time in which LMO and NMC are discharged and charged, which is
associated with the degree of lithiation of LMO and NMC. Since LMO is much more fully
lithiated by the time PULSE 2 starts, the change in discharge current is relatively small and the
first charge-discharge period DE takes more time than the corresponding segment AB in PULSE
1.

98

Figure 5.4: (a) Variation of the LMO and NMC currents with time for (a) PULSE 1 and (c)
PULSE 2. The circled regions in (a) and (c) are shown at higher resolution in (b) and (d),
respectively.
As found in our previous section in chapter 4, the particle sizes of the NMC component in this
commercial blended cathode can best be described in terms of two separate particle size
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distributions (PSDs) − a submicron group with d50 of 0.87 μm and a micron group with d50 of
9.29 μm. Therefore, the overall current due to NMC can be broken down into contributions from
these two size groups. Figure 5.5 presents the breakdown of the current contributed from these
two groups over the course of the same GITT experiment shown in Figure 5.3 and 5.4.
Figure 5.5a shows that the current due to the NMC submicron particles far exceeds that of the
NMC micron particles throughout all 30 min of each discharge pulse during the GITT
experiment. During each of the following 2h relaxation periods, the submicron particles are
always charging while the micron particles are discharging, albeit at ever diminishing rates with
each pulse. This behaviour is clearly evident during PULSE 1 and 2 (Figure 5.5b and 5c). In the
absence of an external current, the losses associated with reaction kinetics at the surface and
species transport within the active particles diminish. The electrode dynamics which is controlled
by an external current during the on-time is now determined by the deviation of the active
particle equilibirum potentials

(

) from a ―common potential‖ throughout the electrode

during the relaxation period. The smaller ―over-lithiated‖ NMC submicron particles with a lower
surface equilibrium potential give away a fraction of their content to the larger ―underlithiated‖micron-sized NMC particles with a higher equilibirum potential to compensate the
lithiation lag during the on-time. Since the two particles have the same chemical nature, they
must have identical Li concentrations at their surfaces in order to reach a common equlibirum
potential. On the other hand, the concentration gradient within each particle is expected to
disappear during the relaxation period depending on its initial value, particle size and solid-state
chemical diffusion coefficient. As a result, the relaxation dynamics at the particle level involves
two distinct mechanisms simultaneously: i) intra-particle relaxation of the concentration gradient
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toward a flatter profile over time and ii) inter-particle exchange of lithium to reach a common
equilibrium potential at the surfaces of the two types of NMC particles. Given enough relaxation
time, the final concentration of Li is expected to be identical in the submicron- and micron-sized
NMC particles. Similar effects should operate between NMC and LMO particles except for the
fact that the lithium contents of the two types of active materials are not identical at equilibrium
state but determined in accordance with the individual equilibirum potential curve of each
material.

Figure 5.5: (a) Current contributions of the NMC submicron and micron groups over the course
of the same GITT experiment presented in Figure 5.3 and 4. Magnified views of current
contributions during PULSE 1 and PULSE 2 are shown in (b) and (c), respectively.
The variation of lithium stoichiometry at the surface of each particle group over the ten pulses in
the blended cathode simulated by the model is presented in Figure 5.6a. The responses during
PULSE 1 and PULSE 2 are shown at a higher resolution in Figure 5.6c and 5.6d, respectively,
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including the same segments AB, BC, DE and EF defined in Figure 5.4b and 5.4d. The
maximum lithium concentration is always reached on the surfaces of both LMO and NMC
submicron particles by the end of each discharge pulse. However, over the subsequent relaxation
period, the surface concentration decreases gradually until the beginning of the next discharge
pulse. The relaxation of the surface concentration is smaller (less than 10% for LMO and 5% for
NMC comparing concentrations at the beginning and end of relaxation), indicating the relatively
weak driving forces in effect for both inter- and intra-particle relaxation. On the other hand, the
lithium concentration remains almost constant at the surface of the NMC micron particles during
the first few relaxation periods, but then eventually begins to rise during the later relaxation
periods. In addition, the lithium stoichiometry at the surface of the LMO particles reaches close
to 1.0 after 5 or 6 discharge pulses which is close to the midpoint of the entire GITT experiment.
Interestingly, the lithium stoichiometry at the surface also reaches close to 1.0 midway through
the continuous galvanostatic discharge of the blended cathode at the same rate of C/5 (Figure
5.6b). The electrode dynamics in the first half of the GITT and continuous discharge experiments
is mostly dominated by LMO lithiation. As a result, LMO becomes fully lithiated prior to and
faster than NMC due to thermodynamic reasons (i.e., a higher equilibrium potential of LMO
compared to NMC, as seen in Figure 3.3 in chapter 3. During the second half of the GITT
experiment, however, NMC submicron and micron particles carry most of the Li flux during the
current pulse and exchange matter mostly with each other (i.e., little interaction with LMO)
during relaxation (Figure 5.6a and 5.6d). Unlike the first half of the GITT experiment, NMC
particles do not completely reach an equilibrium state (i.e., identical surface concentration) in the
second half of the experiment although the deviation from a final equilibrium state is very small
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(i.e., only less than 3%). Overall, analysis of the surface concentrations confirms that the lithium
lost from the surfaces of the LMO and NMC submicron particles either diffuses into the interior
of these particles or to the NMC micron particles, which is consistent with the results shown in
Figure 5.5.

Figure 5.6: Simulated variation of the lithium stoichiometry at the surfaces of particles (a) over
the course of the GITT experiment and (b) during galvanostatic discharge at the rate of C/5 in the
NMC-LMO blended cathode. PULSEs 1 and 2 in (a) are shown at higher resolution in (c) and (d),
respectively, including the segments defined in Figure 5.4b and 4d.
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Figure 5.7 shows a comparison between continuous and intermittent galvanostatic discharge data
both at C/5. No significant difference in the end-capacity of the electrode is observed between
the two operating conditions. In other words, solid-state diffusion is relatively fast (more
specifically, diffusion of Li in NMC particles) and the relaxation steps in the GITT experiment,
which permit redistribution of matter within each and among all of the active particles, have little
or no impact on diffusion barriers towards the end of discharge. This is in line with the surface
concentrations shown in Figure 5.6a and 5.6b all having reached close to unity at the end of
discharge under both operating conditions. It should be noted that NMC particles mainly
determine the end of the discharge process since LMO particles are already fully lithiated
midway through discharge.

Figure 5.7: Comparison of the experimental GITT (C/5, 2 h) and continuous discharge data at the
same rate of C/5.
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A schematic diagram describing the flow of lithium between the LMO and NMC submicron and
micron particles during the relaxation period can be developed by combining the results from
these simulations (Figure 5.8). Figure 5.8a shows the lithium flows into the NMC micron
particles from LMO and NMC submicron particles as the former are discharging and the latter
are charging. This is consistent with the variation of surface lithium concentration during each of
the relaxation periods in Figure 5.6a, the current contributions of the blended cathode
components in Figure 5.5 and the behavior observed during periods BC in Figure 5.4a and EF in
Figure 5.4b. Based on the currents during periods AB in Figure 5.4a and DE in Figure 5.4b,
another mode of internal charge-discharge dynamics is observed during the initial portions of the
relaxation period of the first few GITT pulses and is shown in Figure 5.8b, i.e., lithium flows into
LMO and NMC micron particles from NMC submicron particles. However, despite this change
in mode of internal electrode dynamics during the relaxation period, the surface lithium
stoichiometry on the LMO and NMC micron particles decreases monotonically throughout this
period (Figure 5.6). This is possible due to the rapid internal diffusion of lithium within the
particles which prevents any build-up on their surfaces.
The multi-particle model reveals that the different active materials and size groups in the NMCLMO blended cathode interact strongly during operation. More specifically, lithium can flow
between the LMO and NMC particles, which may influence their surface stoichiometries when
the test cell is at open-circuit. Equilibrium may not be attained in time due to the differences in
lithiation/delithiation kinetics of the two components. Another factor may be the different
diffusion rates within the different sized NMC particles. However, no direct experimental
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evidence currently confirming this internal charge-discharge phenomenon predicted by the
model has been reported in the literature, to the best of our knowledge.
As previously shown, Mn dissolution from LMO is the primary reason for its capacity loss and
the formation of a secondary Li-rich, low-capacity phase at the surface of LMO particles [50,
127-129]. Furthermore, the synergistic interplay between LMO and NMC has been
experimentally confirmed [50, 61-62], i.e., the presence of NMC lowers the LMO fade rate in
NMC-LMO blended cathodes compared with that of single-component LMO electrodes.
The simulations indicate that the interaction between the electrode components has a balancing
effect on the lithium concentration at the surfaces of LMO and NMC particles and tends to
prevent the accumulation of excess lithium on the surface of LMO particles. This has the
important effect of lowering the likelihood of the irreversible generation of a secondary Li-rich
phase that could be the cause of LMO fade. These results can also form the basis of a future
experimental study of the mechanistic interplay between LMO and NMC in these blended
cathodes.
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Figure 5.8: Schematic diagram showing the flow of lithium between particles during the BC and
EF in Figure 5.4b and 5.6c, and AB and DE in Figure 5.4d and 5.6d, of the relaxation period of
GITT experiment, corresponding with: (a) from LMO and NMC submicron particles to NMC
micron particles and (b) from NMC submicron particles to LMO and NMC micron particles,
separately.

5.4.2 Fitting of model to galvanostatic charge experiments
The multi-particle model and parameters listed in Table 5.2 were found previously to accurately
describe the behavior of the blended NMC-LMO electrode during galvanostatic discharge and
during galvanostatic intermittent titration technique experiments (GITT). It would be useful to
evaluate the accuracy of the model during charge to further analyze the performance of the
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blended electrode presented later in this chapter. Accordingly, its validity has been assessed by
computing potential-capacity curves without adjustment of any model parameters and comparing
them to the curves obtained from galvanostatic charge experiments. As shown in Figure 5.9,
good agreement is achieved for the two low C-rates of C/25 and C/10. However, more
significant deviations are observed in the remaining curves shown in the figure. Furthermore, the
discrepancy appears to grow as the C-rate increases. This indicates that the multi-particle model
with the parameter values listed in Table 5.2 is not sufficiently accurate to simulate charging at
all C-rates.

Figure 5.9: Comparison of the experimental potential-capacity curves during charging of a
blended cathode to those obtained using the multi-particle model with the parameters in Table
5.2.
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Differential capacity curves are usually used to describe the electrochemical signatures of active
materials and to evaluate the contribution of each component in a blended cathode. The
simulated differential capacity curves during charging are compared with experimental data in
Figure 5.10. As discussed in our chapter 3, the peak at ~3.75 V is associated with NMC, while
the other two peaks at ~ 4.00 V and ~ 4.14 V are attributed to LMO. Despite discrepancies (e.g.,
peak positions) between the model and experiment especially at high rates, the characteristic
shape of the simulated curves exhibit some similarities with that of the experimental ones. For
example, the peak at the highest potential associated with LMO disappears as the charging rate
increases, whereas the other LMO peak continues to contribute to the charge capacity.
Table 5.3: List of model parameters.
Parameter

Symbol

Rate constant for charge transfer on

LMO

NMC

3×10−12f

8×10−13f

2.5×10−15f

5×10−15f

0.45 f

0.34f

type n cathode particle (mol/[m2s(mol
m−3)1.5])
Binary diffusion coefficient of Li in
type n particle (m2 s−1)
Charge-transfer coefficient for charge
transfer on type n cathode particle
f

: fitted in the current study to the experimental potential-capacity data
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Figure 5.10: Experimental and computed differential capacity curves obtained during charging of
NMC-LMO blended electrodes at a C-rate of (a) C/25 (b) C/10 (c) C/5 (d) C/2 (e) 1C and (f) 2C.
Model parameters are listed in Table 5.2.
In order to satisfactorily fit the model to all of the potential-capacity curves over the wide range
of applied currents from C/25 to 2C, we adjusted the values of 6 parameters. i.e., the rate
constants

, solid-state binary diffusion coefficients

and charge-transfer coefficients

of

LMO and NMC. (Note that these parameters are considered to be the same for the sub-micron
and micron groups of LMO particles, as was the case in our earlier application of the model to
the galvanostatic discharge and GITT data. As shown below, the parameters are adjusted to
reflect the respective current contribution of each of the various particles within the blended
cathode. The parameter values that give the best fit are listed in Table 5.3, while the fitted
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potential-capacity curves are presented in Figure 5.11. The match between the simulated and
experimental galvanostatic charging curves has now been considerably improved. The
adjustment of model parameters for charge simulations may be due to the assumption that the
micron-sized NMC particles are nonporous. Given the aforementioned assumption is valid, one
order of magnitude increase in binary diffusion coefficients of the two components may imply
that the solid-state diffusion in the active materials is controlling more strongly on discharge
(i.e., high Li concentration) than on charge (i.e., low Li concentration). It should be noted that
attempts were made to fit the model to both charge and discharge curves simultaneously using a
single set of parameters but the fits were not satisfactory.

Figure 5.11: Comparison of the experimental and model-fitted potential-capacity curves using
the parameters in Table 5.2 and Table 5.3 for charge of a blended cathode.
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A comparison of the experimental and computed differential capacity curves in Figure 5.12 also
shows an improved match at all charging rates, including the positions of the NMC and LMO
peaks. The agreement is particularly good at low C-rates, although less so at higher currents.
Note that the computed curves have been obtained using the adjusted parameters given in Table
5.3 and correspond to the simulated potential-capacity curves in Figure 5.11.

Figure 5.12: Experimental and computed differential capacity-potential curves obtained during
charge of NMC-LMO blended electrodes at a C-rate of (a) C/25 (b) C/10 (c) C/5 (d) C/2 (e) 1C
and (f) 2C. Model parameters are listed in Table 5.3.
Figure 5.13a and 13b show the contributions of LMO to the total current (black line) and
capacity (blue line) of the blended cathode over the course of charging at C/25 and 2C,
calculated according to the simulations before (dash line) and after (solid line) adjusting the six
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model parameters. LMO begins to delithiate only after about half of the charge time has elapsed
and stays active until the end of the charging process. At C/25 (Figure 5.13a), LMO contributes
to the current non-monotonically in two stages: in three stages: i) negligible during the first stage
AB, ii) sharp increase before leveling off to a plateau at ~ 50% of total current during the second
stage BC and iii) continued rise by a smaller extent until the electrode is completely delithiated
during the third stage CD. These three stages of delithiation dynamics correspond well to the
three differential capacity peaks shown in Figure 5.13. The NMC peak in the differential
capacity-potential curves coincides with the first stage, while the two peaks at higher potential
correspond to the second and third stages.
At a charge rate of 2C (Figure 5.13b), however, the last delithiation stage vanishes completely in
line with the disappearance of the second LMO peak close to the upper cut-off potential. Both
simulation sets (solid and dashed lines) follow the same trend at low and high C-rates. They
overlap at C/25 but differ more significantly at 2C. The best-fit simulation i.e., after adjusting the
model parameters, shows a lower capacity contribution from LMO at 2C compared with that
obtained using the original discharge-fitted parameters. Needless to say, the NMC delithiation
complements LMO shown in Figure 5.13c and 5.13d. The contribution of NMC to the current
and capacity fully dominates the process at both C-rates during the first stage of electrode
charging, but then begins to diminish approximately halfway through the process although it is
still significant by the end of the process.

113

Figure 5.13: Variation of the current (black line) and capacity (blue line) contributions to the
blended cathode charging due to LMO (a, b) and NMC (c, d) with normalized time over the
course of a single charge at C/25 (a, c) and 2C (b, d). Calculations are based on simulations
before (dashed line) and after (solid line) adjusting the model parameters (Table 5.2 and Table
5.3, respectively).
Figure 5.14 compares the experimental end-of-charge and end-of-discharge capacities of the
blended electrode measured as functions of C-rate. The electrode performs better on charge than
on discharge except at 2C. Moreover, the rate capability on charge is more strongly dependent on
applied current compared to the discharge rate capability: the achievable charging capacity drops
by a larger amount than does the discharge capacity upon increasing the C-rate. Further evidence
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of this charge/discharge asymmetry is presented in Figure 5.15 which shows a comparison of the
experimental differential capacity curves during charge and discharge. At the low currents of
C/25 and C/10, the curves and peak positions for charge and discharge match quite well. The
peak positions during both charge and discharge begin to shift when the current is raised to C/5.
This is consistent with the previously observed rise in the electrode potential during the charge
process and the reduction in the electrode potential during the discharge process when the C-rate
is increased. An interesting observation from the experimental data shown in Figure 5.15 is that
during discharge the intensity of the peak at ~3.75V (associated with NMC) decreases while that
of peaks at ~4.00V and ~4.10V (associated with LMO) increase as the current is raised from
C/25 to 2C. The opposite trend is observed during charging, i.e., the former grows, while the
latter diminish. Moreover, unlike the discharge process where the two distinct LMO peaks
obtained at low rates (C/25, C/10 and C/5) gradually merge into one broad peak as higher rates
(C/2, 1C and 2C) are applied, the LMO peak at ~4.10V shifts to higher values and eventually
disappears (i.e., it falls beyond the upper cut-off potential) during charge as the C-rate increases.
In summary, the contributions of the blended electrode components differ depending on whether
the electrode is being charged or discharged. This trend is observed more clearly when the areas
under the differential capacity peaks associated with each component are calculated to determine
the contributions of LMO and NMC to the total end-of-charge/discharge capacities at the various
applied currents. The computed contribution of each component to the end-of-charge/discharge
capacities obtained with both sets of model parameters is plotted as a function of applied current
in Figure 5.16.
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Figure 5.14: Comparison of the experimental rate capabilities of the NMC-LMO blended
electrode during charge and discharge.
At the low rate of C/25, the contribution of LMO relative to the total capacity at the end of
charge is very close (~0.22) to that at the end of discharge for both sets of charge simulations.
The relative contribution of LMO to the electrode capacity during discharge increases if the
current is raised, whereas it decreases if the current during charge is raised. Furthermore, the
contribution is more strongly dependent on the charge current than on discharge current (Figure
5.16a) closely resembling the overall charge and discharge rate capability of the electrode shown
in Figure 5.14. The best-fit charge simulations demonstrate an even greater dependence of the
component contribution on the charge current. The effect of current on the contribution of LMO
is complemented by that acting on NMC which show the opposite trends (Figure 5.16b).
Altogether, the charge/discharge asymmetry of the blended electrode seen in Figure 5.14 is
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explained by the asymmetry in the contribution of each component to the electrode capacity and
its dependency during charge and discharge which is especially pronounced towards high C-rates.

Figure 5.15: Comparison of experimental differential capacity profiles on charge (blue solid line)
and discharge (black dotted line) at rates of (a) C/25 (b) C/10 (c) C/5 (d) C/2 (e) 1C (f) 2C.
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Figure 5.16: The effect of current on the relative contribution of (a) LMO and (b) NMC to the
total end-of-charge/discharge capacities of the blended cathode. The curves are generated using
the model before (triangles) and after (circles) adjusting the parameters for charge simulations
(Table 5.2 and Table 5.3, respectively).
The charge/discharge asymmetry is attributed mainly to the: i) difference in the equilibrium
potentials of the two active components at any given Li stoichiometry, ii) difference in the
―characteristic shape‖ of the equilibrium potential functions, iii) composition of the blended
electrode and iv) differences in the solid-state diffusion and kinetics limitations of the two
components. LMO tends to be preferentially lithiated first while NMC is lithiated last during
electrode discharge because LMO has a higher equilibrium potential compared to NMC for a
wide range of Li stoichiometry (Figure 3.3). Indeed, LMO is almost fully lithiated while NMC is
the sole controlling component near the end of a discharge cycle. (Figure 3.3).
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Figure 5.17 shows the equilibrium potential curves of pure NMC, pure LMO and the blended
electrode as functions of composition approximated by C/25 discharge curves. Since the
discharge rate is so low, the potentials closely approximate the equilibrium potentials of pure
NMC, pure LMO and the blended electrode, as discussed in chapter 3. As shown in Figure 5.17,
at an overall normalized capacity of 0.8, for example, no more LMO can be lithiated during
discharge whereas the constant potential tie line at the overall capacity of 0.2 indicates that NMC
still has a considerable Li content of ~ 0.12 to be removed during charging. Although the process
is dominated by NMC at the beginning of the charge process, it never becomes fully delithiated
before LMO does. In contrast to the discharge process, both NMC and LMO are actively
involved in the charge process until the upper cut-off potential is reached.
In other words, if the equilibrium potential of NMC and LMO were symmetric with respect to
the blended electrode equilibrium potential over the potential range of 3.0 – 4.2V, one would
expect NMC and LMO particles to undergo the process in the exact opposite order during
electrode charge, i.e., complete delithiation of NMC first followed by that of LMO during the
remainder of the process. Such symmetry would depend on the characteristic shape of the
individual equilibrium potentialscurves and on the composition of the electrode.
In the practical case of the blended electrode studied here, a strong dissimilarity between the
shapes of the equilibrium potential curves of the two components exists (Figure 5.17) which
leads to different internal dynamics of the electrode during charge than during discharge.
In general, diffusion limitations become significant toward the end of a charge and discharge.
Thus, whereas Li diffusion in NMC is controlling at the end of discharge, diffusion in both LMO
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and NMC is limiting at the end of charge according to the above thermodynamic consideration.
Therefore, the secondary cause of the charge/discharge asymmetry is dynamic and associated
with the differences in the solid-state diffusion within and charge-transfer kinetics at the surface
of the two cathode components. As discussed previously, the parameter values that enable the
model to closely match the discharge potential-capacity curves fail to do so when the model
predictions are compared to the experimental galvanostatic charge data. Moreover, the
asymmetric contribution of LMO and NMC to the total capacity at the end charge and discharge,
although predicted, is overestimated by the model using the original set of parameter values
(Figure 5.16). The adjustment of the parameters such as the solid-state diffusion coefficients and
reaction rate constants (Table 5.3) significantly improves the fit of the model to the experimental
charge data including the end-of-charge capacities. This confirms the role that the solid-state
diffusion and reaction kinetics and their differences between the two components play in the
blended electrode charge/discharge asymmetry.
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Figure 5.17: Experimental discharge profile (solid line) of the blended cathode at C/25 and
simulated discharge profiles (dashed lines) of pure NMC and LMO cathodes at C/25 (based on
Figure 3.3 in chapter 3).
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Chapter 6 Calendar aging study
The following section is based on the work ‗Calendar Aging Study and Compression Effect
Analysis of Commercial NMC-LMO/graphite Blended Lithium-ion Battery‘ by Z. Mao et al. and
is ready for submission. This thesis author specific contribution to this paper was to: apply the
model, conduct the simulations and experiments, prepare all the graphics and results, and prepare
the final manuscript and reviewer edits with direction from the project supervisors who were M.
Fowler, Z. Chen and M. Pritzker.

6.1 Introduction
After undergoing several generations of development as energy storage devices, lithium-ion
batteries (LIB) are now widely used in consumer electronic products and are being further
broadened for use in the automotive industry. The introduction of commercial LIBs consisting of
LiNixMnyCo1-x-yO2 - LiMn2O4 (NMC-LMO) blended cathodes and graphite anodes has been so
successful that they now dominate the burgeoning market of automotive LIBs due to their
superior performance. In order to continue optimizing the design of these batteries, a number of
experimental and modeling studies on the operating behavior, life cycle, degradation mechanism,
etc., of blended cathodes have been conducted. For instance, several research groups have
studied the cycling [130-132] and calendar aging [133-134] of commercial 18650 cylindrical
graphite/NMC-LMO batteries and concluded that the loss of cycleable lithium, decomposition of
the electrolyte and loss of active materials are the most significant aging processes that are
strongly affected by the discharge/charge rate, temperature and state of charge (SOC).
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In addition, based on aging experiments and analyses, mechanistic and semi-empirical models
have been proposed to simulate the capacity fade or resistance increase of NMC-LMO batteries
and ultimately predict their useful operating lifetimes [134-136]. Jung [79] developed a
mathematical model for a graphite-soft carbon/NMC-LMO full cell for the purpose of designing
new electrodes and predicting the performance for different cathode compositions. In our
previous work (chapter 3 and 4), we developed a model-based approach to identify the unknown
composition of a blended cathode and presented a multi-particle model to describe the
electrochemical performance at different charge-discharge C-rates that accounts for the effects of
particle size distribution, solid-state diffusivities and electronic conductivities in a commercial
NMC-LMO (70:30 wt%) blended cathode.
In this chapter, storage experiments at various temperatures and SOC conditions are conducted to
characterize the calendar life of commercial 15Ah pouch cells containing NMC-LMO/graphite
active materials. This involves the combined post-mortem analyses and use of an OCV-model
for the fastest-degraded cell under the most severe aging conditions to shed more insight into the
mechanisms for capacity fade. Finally, a non-destructive pressure-loading test was carried out
and found to dramatically improve the capacity of the aged cell. Through loading a pressure, the
gas generated by side reaction has been redistributed and then the connection between each
component has been tightened, leading to a good ionic and electronic transfer and further more
contribution of effective active materials during charge and discharge. The pressure loading is a
simple and effective operation for the aged cell; it is firstly proposed here and its application can
make the life of aged cell longer.
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6.2 Experimental
6.2.1 Calendar life test
The calendar life study was conducted on eight commercial lithium ion pouch cells. Each pouch
cell was comprised of an NMC-LMO blended cathode and graphite anode with a nominal
capacity of 15Ah for application in a plug-in hybrid electrical vehicle (PHEV). Each cell was
tested under one of four possible storage conditions so that duplicate experiments were
conducted for each condition. The conditions include testing cells with initial SOCs of 0% and
100% by storing them at temperatures of 35˚C and 58˚C, i.e., 0% SOC at 35˚C, 0% SOC at 58˚C,
100% SOC at 35˚C and 100% SOC at 58˚C.
Prior to storage, each pouch cell with initial 50% SOC was characterized in terms of its capacity,
rate capability and resistance and then disposed to 0% or 100% SOC using a MACCOR 4200
series battery test system. The capacity and rate capability were determined by subjecting a cell
to a constant-current constant-voltage (CC-CV) waveform consisting of the following steps: i)
discharge at a specified C-rate until a potential of 2.8 V is reached, ii) discharge under a constant
voltage of 2.8 V until a current of C/20 is reached, iii) 10-min rest, iv) charge at the same C-rate
until a potential of 4.15 V is reached, v) charge at a constant voltage of 4.15 V until a current of
C/20 is reached and vi) 10-min rest. It should be noted that a 1 C-rate corresponds to a current of
15 A. The capacities at C/25 and 1C were measured by applying the charge-discharge cycle
described above at a rate of C/25 followed by a sequence of three of these cycles at a rate of 1C.
The 1C-capacity was obtained from the average obtained over these three cycles. The rate
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capabilities at various C-rates were determined by applying cycles operating at the following
currents: C/5, C/2, 1C and 2C.
In order to determine the direct current inner resistance (DCIR), we used the two-tier DC load
method. This involved discharge of a fully charged cell for a 10 s duration at C/5 followed
immediately by further discharge at a higher rate by stepping up to 2C for another 10 s. At the
end of this second step, the current was immediately reduced back to C/5 and this procedure was
repeated for a total of five cycles. The value of the RDCIR over each C/5-2C discharge sequence
was calculated according to Eq.6.1,

,

(6.1)

where UC/5 U2C are the potentials at the moments of the pulse end at C/5 (IC/5) and the pulse
beginning at 2C (I2C), respectively. The value reported in this study was the average over the 5
DCIR measurements obtained for each sample.
After these baseline measurements, the following procedure was adopted to ensure that a cell
was either fully discharged or fully charged. Discharge to 0% SOC was achieved by applying
step i) above at a rate of 1C followed by step ii). Cells were charged to 100% SOC by applying
iv) at 1C followed by step v). After checking that the cell potentials were holding at the correct
values for complete discharge or charge, two of the 0% SOC cells and two of the 100% SOC
cells were put into an oven operating at 35˚C, while the remaining four cells were placed in an
oven at 58˚C. The cells were maintained at open-circuit in both ovens. In order to monitor the
change in the performance of these cells upon aging, they were characterized at 30 day intervals.
After removal from the ovens, the cells were allowed to cool to room temperature and stabilize
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for at least 4 hours and their potentials were measured before their capacities, rate capabilities
and DCIR values were determined. These quantities were measured exactly as described above
for the cells prior to aging with the exception of capacity. In this case, the capacity at C/25 was
not determined and only the value of 1 C was determined. As before, the capacity reported here
was the average of three measurements obtained from consecutive charge-discharge cycles at 1
C. After the periodical tests, the cells were addressed into the initial SOC, i.e., 0% and 100% as
the procedure described at the beginning of this paragraph and placed back in the ovens again.

6.2.2 Coin cell experiments
Experiments were conducted on half-cell coin electrodes taken from fully charged pouch cells
that had been aged for 280 days at 58˚C. For comparison, similar half-cell tests were done on
coin cells fabricated from fresh unused fully charged pouch cells. Before disassembling the
pouch cells, we ensured that they were fully discharged. Each of these cells consisted of sixteen
double-side-coated rectangular cathode sheets (18.9cm×14.15cm) and seventeen anode sheets
(19.2cm×14.5cm). The components of the coin cells were fabricated from a cathode sheet and
anode sheet removed from the middle portions of fresh and aged cells. Before this was done, the
coating on one side of the cathode sheet was removed using N-methyl-2-pyrrolidone (NMP)
solvent. Circular samples (0.712 cm2 area) were then punched from the one-side coating cathode
and anode sheets. In order to remove any lithium salt that had deposited, the circular samples
were rinsed in dimethyl carbonate (DMC) several times. Two types of coin cells were fabricated
– cathode half-cell coin cells and anode half-cell coin cells. The washed circular samples
punched from the cathode sheet of the pouch cell and Li foil comprised the electrodes of the
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cathode half-cells. The anode half-cells consisted of the washed circular samples punched from
the anode sheet of the pouch cell and Li foil. In each case, the components were assembled into
an electrode/separator/Li coin cell using Celgard 2500 separator and 1M LiPF6 in 1:1 EC/DMC
solution. The same procedure was used to fabricate the coin cells from the fresh and aged
cathode and anode sheets. In order to ensure the repeatability of measurements, at least two coin
cells were mode from each cathode and anode and tested. The entire process of disassembling
the pouch cells and fabricating the coin cells was conducted in an argon-filled glove box.
A series of galvanostatic experiments was carried out on both the anode and cathode half-cell
coin cells using the Neware CT-3008-5V 10mA-164-U battery test system. Prior to these
experiments, each cell was subjected to five formation cycles, as described in our previous
studies (chapter 3 and 4), conducted at a current of 1 mA (~0.69 C for a cathode half-cell and
~0.60 C for a anode half-cell) to ensure that it had attained a stable electrochemical state. The
specific galvanostatic experiments for the cathode half-cells consisted of rate capability tests
conducted in the sequence C/10, C/5, C/2, 1C and 2C over the potential window from 3.0 V to
4.2 V and charge-discharge tests at C/25 over the potential window from 3.0 V to 4.4 V. A 1 Crate corresponded to 1.44 mA applied current in the case of the cathode half-cells. A similar
testing profile was used for the anode half-cells. The upper and lower cutoff potentials were 1.5
V and 0.005 V for all the rate capability experiments from C/25 to 2C. A 1 C-rate corresponded
to an applied current of 1.66 mA for the anode half-cells.
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6.2.3 Pressure loading experiments

Figure 6.1: (a) Pressure set-up and (b) supporting instrument.
A set-up consisting of three copper-tin plates, two plastic plates (23.5cm×24cm) and four springs
was designed and constructed to study the effect of applied pressure on the performance of an
initially fully charged pouch cells aged at 58˚C (Figure 6.1a). The two plastic plates directly stick
with two copper-tin plates as two entire copper-tin-plastic ones separately. Then, the aged cell
was placed between the two plates and in direct contact with the plastic interface, and then a
pressure of 4 psi (~ 763 N) was applied to this stack by tightening the four screws and
monitoring the testing force sensor (ADMET L22LRYA61) mounted on the supporting
instrument (Figure 6.1b). Through this way, when to load a pressure on the top of set-up, the
force can uniformly transfer towards the bottom via the four springs. Therefore, the pressure of
the testing force sensor can represent the force at the each spot throughout the set-up and the cell.
At this pressure of 4psi, the cell was charged and discharged at the rate of C/25 to measure the
capacity using the MACCOR 4200 battery test system. Then, following the order shown in
Figure 6.2, the pressure on the pouch cell was adjusted and corresponding the capacity at C/25
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was measured. The way of force loading is the same with the above description but the pressure
value.
Pressure-path Pressure (Psi)
Step 1:

4.0

Step 2:

4.5

Step 3:

5.0

Step 4:

4.5

Step 5:

4.0

Step 6:

3.0

Step 7:

2.0

Step 8:

1.0

Step 9:

0

Figure 6.2: Pressure-path capacity test profile.

6.3 Results and Discussions
6.3.1 Capacity Degradation During Aging
The change in the capacities remaining in the pouch cells as measured at the four discharge rates
of C/5, C/2, 1C and 2C during the course of the four aging experiments is presented in Figure
6.3. Interestingly, regardless of the discharge rate, the capacities of the cells that were initially
fully discharged increased during the early stages of aging before decreasing thereafter (Figure
6.3a and b). The initial rise in capacity before beginning to drop that is evident for these pouch
129

cells has been reported previously [137-138], although no cause for the initial increase in
capacity was offered. Furthermore, this initial rise was much more pronounced at the lowest
discharge rate of C/5 than at the higher currents. In fact, the capacity measured at C/5 reached
~101.8% after 60 days of storage at the low temperature of 35˚C (Figure 6.3a), while it reached
the same level after only 30 days of storage at the higher temperature of 58˚C (Figure 6.3b).
Further examination of Figures 6.3a and b shows that decline in capacity that occurred after the
initial rise was not severe if the pouch cell was completely discharged at the outset. When the
pouch cell was stored at 35˚C, its capacity still remained above 100% even after 330 days of
aging. When it was stored at 58˚C, the remaining capacities were still as high as 97-99% of their
initial level even after 300 days of aging.
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Figure 6.3: Effect of storage temperature and initial SOC (a) 35˚C, 0% SOC (b) 58˚C, 0% SOC
(c) 35˚C, 100% SOC and (d) 58˚C, 100% SOC on percent capacity remaining in pouch cells,
measured at discharge rates of C/5, C/2, 1C and 2C during the course of aging.
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Figure 6.4: Percent capacity remaining in pouch cells measured at discharge rate of (a) C/5 (b)
C/2 (c) 1C and (d) 2C over the course of aging depending on the following initial SOC and
storage temperatures: 0% SOC at 35˚C, 0% SOC at 58˚C, 100% SOC at 35˚C and 100% SOC at
58˚C.
The aging of fully charged pouch cells, on the other hand, was found to be significantly different
than that of fully discharged cells (Figures 6.3c and 6.3d). Firstly, no rise in capacity at the outset
of storage was observed. Secondly, the degradation in capacity was much more severe and
storage temperature was found to have a much larger effect when fully charged pouch cells were
aged. In fact, the remaining capacity decreased almost linearly with time at the two storage
temperatures. After 280 days, more than 88% capacity still remained in the cells stored at 35˚C
(Figure 6.3c), while less than 60% capacity was left in the cells stored at 58˚C (Figure 6.3d).
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This also indicated that the storage temperature had a much stronger effect on aging of the fully
charged cells than fully discharged cells. On the other hand, the results in Figure 6.3 reveal that
the measured capacity after aging at both temperatures is not strongly affected by the discharge
rate regardless of the initial SOC of the pouch cells. The effects of initial SOC and storage
temperature are clearly evident if the data presented in Figure 6.3 are reorganized so that the
remaining capacities measured at a particular discharge rate are plotted together as shown in in
Figure 6.4. At each of the C-rates, the capacity of the cells with 100% SOC that were stored at
58˚C always degraded most rapidly, whereas those with 0% SOC aged at 35˚C degraded most
slowly.
Figure 6.5 presents the waveforms for the input current during galvanostatic pulse discharge
experiments and the corresponding output potentials from both a fresh unaged fully charged
pouch cell and an initially fully charged cell that has been aged by storing it at 58˚C for 280
days. Several differences in the responses of the two cells can be observed. The potential of the
aged cell always remained well below that of the fresh cell at comparable stages in any pulse. In
addition, the difference between the highest and lowest potential over the course of a pulse was
always much larger in the case of the aged cell. Finally, the aged cell exhibited a considerably
larger drop in potential on going from one pulse to the next. Analysis of the potential output
using Eq.6.1 revealed that the DCIR of the fully charged pouch cell increased from 2.4 mΩ
before storage to 6.2 mΩ after 280 days storage at 58˚C.
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Figure 6.5: Comparison of galvanostatic pulse discharge curves before and after storage of
initially fully charged pouch cells for 280 days at 58˚C.
The discharge and charge potential-capacity curves (constant current part) of fully charged pouch
cells before and after 280 days of storage at 58˚C are compared in Figure 6. These data show that
only about 55% of the available capacity of the aged cell was actually used when the lower cutoff potential of 2.8 V was reached regardless of the C-rate (Figure 6a). On the other hand, the
capacity attained by the end of charge to a potential of 4.15 V exhibited a stronger dependence
on the C-rate. It decreased considerably as the C-rate increased from C/5 to 2C, but reached only
about 55% of the available capacity when charged at a current of C/5 and as low as about 37%
when charged at a rate of 2C.
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Figure 6.6: Comparison of (a) discharge and (b) charge potential-capacity curves before and after
280 days calendar aging under 58℃-100% SOC states.

6.3.2 Aging mechanisms analysis
In order to investigate the mechanisms of capacity loss for calendar aging, the unused and aged
fully charged pouch cells after 280 days of storage at 58℃ were disassembled and the four types
of electrodeǁseparatorǁLi coin cells, i.e., fresh, aged cathodes and anodes, were fabricated, as
described in the Experimental section. A comparison of the discharge potential-capacity curves
and end-of-discharge capacities of the cathode half-cells measured at rates of C/10, C/5, C/2, 1C
and 2C are shown in Figure 6.7a and 6.7b, respectively. These data show that aging led to a
small capacity decrease and potential plateau reduction of the cathode at all currents. As our
previous study in chapter 3, the cathode was comprised of a blend of NMC and LMO active
materials. A normalized differential-capacity curve has been drawn to determine the loss due to
each component by examining the intensity of the signature peaks for the two components
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(~3.75V for NMC, ~4.00V and ~4.14V for LMO) in Figure 6.8. However, these results reveal
that aging did not lead to any significant difference in the intensity of the peaks at any of the
currents, although it did cause a small shift in the peak positions toward lower potential which
tended to grow as the current rose. This shift was consistent with a decrease in the potential
plateau in the potential-capacity curves during discharge (Figure 6.7a).

Figure 6.7: Comparison of (a) potential-capacity curves and (b) end-of-discharge capacitycurrent curves for discharge of cathode coin half-cells fabricated from fresh and aged (stored for
280 days at 58℃) fully charged pouch cells.
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Figure 6.8: Differential-capacity curves of fresh and aged cathodes obtained at a C-rate of (a)
C/25 (b) C/10 (c) C/5 (d) C/2 (e) 1C and (f) 2C.

Figure 6.9: Comparison of (a) potential-capacity curves and (b) end-of-charge capacity-current
curves for charge of anode coin half-cells fabricated from fresh and aged (stored for 280 days at
58℃) fully charged pouch cells.
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A comparison of charge potential-capacity curves and end-of-charge capacity of anode coin halfcells fabricated from fresh and aged (stored for 280 days at 58℃) fully charged pouch cells rates
are presented for a range of currents from C/10 to 2C in Figure 6.9a and 6.9b, respectively. For
the pouch cell, I am using discharge curve where cathode keeps to discharge while anode is to
charge. A relatively small loss in capacity was observed in the aged anode coin half-cell at all
rates although it tended to grow with the C-rate. On the other hand, aging had very little effect on
the potential-capacity curves of the anode coin half-cells (Figure 6.9a). A summary of the
percent capacity losses in the aged pouch cells and cathode and anode coin half-cells at the rates
of C/5, C/2, 1C and 2C is provided in Table 6.1. The most noteworthy aspect of these results is
not that aging led to capacity losses in all cases, but that the losses for the entire pouch cells were
so much larger than that of the coin cells made from the pouch cell active material components.
For example, capacity fades of 2.69% and 0.37% were measured for the cathode and anode coin
half-cells at C/5, respectively, whereas a 43.9% loss was observed in the entire pouch cell from
which the coin cells were fabricated. This huge difference indicates that most of the capacity loss
of the pouch cell during aging did not originate from the degradation of the cathode and anode
active materials themselves. It should be recalled that each coin cell consisted of a cathode or
anode removed from an aged pouch cell combined with lithium metal foil as the other electrode
and fresh electrolyte of 1M LiPF6 dissolved in 1:1 EC/DMC. The use of fresh electrolyte
enabled the source of lithium for this cell to be replenished. The dramatic improvement in
utilization of the active material in the coin cells compared with that in the original aged pouch
cell cells regardless of the C-rate suggests that the degradation in the capacity of the pouch cells
is caused by the loss of cycleable lithium.
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This loss of cycleable lithium can be attributed predominantly to the formation and growth of
passivation layers on the surface of graphite during calendar aging. Figure 6.10a shows SEM
images of a portion of a fresh fully discharged graphite anode and a portion of a fully discharged
graphite anode aged at 58˚C for 280 days. The image of the aged sample clearly shows the buildup of a layer or product on the graphite anode. Elemental composition of the marked portion of
the surface of the aged anode (Figure 6.10b) by EDX analysis reveals that it contained F and P
with atomic percentages of 6.81% and 1.5%, respectively comparing with only 0.9% F in the
fresh anode (Table 6.2). The presence of F and P is important since these elements could only
originate from the electrolyte. A more detailed discussion of the formation and composition of
the passivation layer can be found in Refs. [139-143]. Generally, it is formed by the
decomposition of electrolyte that can impede the charge and ionic transfer resistance, leading to
the increase of inner resistance of the anode in the aged pouch cell, as observed previously
(Figure 6.5), and decrease of anode capacity at high C-rate, i.e., 2C (Figure 6.9b).

Figure 6.10: SEM image of the anode surface in (a) fresh and the (b) aged cell.
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Table 6.1: Summary of percent capacity losses measured at C-rates of C/5, C/2, 1C and 2C for
fully charged cells stored at 58℃ for 280 days.
Rate
Total capacity loss in
aged pouch cell
Cathode capacity loss
in coin cell
Anode capacity loss
in coin cell

C/5

C/2

1C

2C

43.9%

45.4%

46.5%

47.7%

2.69%

1.78%

1.52%

1.09%

0.37%

0.74%

1.69%

5.88%

Aging mechanism

Cycleable lithium limiting

Table 6.2: Elemental composition of the marked area in Figure 6.10b obtained from EDX
analysis.
C

atomic
%

Fresh

93.9

Aged

29.2

O

F
5.2

58.0

0.9
6.8

Al

P

-

-

4.5

1.5

Differential voltage (dV/dQ vs.Q) measurement [144] and the OCV fitting [81] are useful tools
to analyze the reasons for the loss in capacity of the pouch cells by matching their differential
voltage vs. capacity and potential vs.capacity curves to those of half-cell coin cells. In these
analysis, the potential of the pouch cell

is a function of its capacity

calculated using the potentials of the cathode coin half-cells
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(

and can be
) and

(

anode half-cells

) by correcting for the separate capacity as shown below

in Eq. 6.2 and Eq. 6.3:
(

)

(

)

where

and

(6.2)

(

)

(

)

(6.3)

are the specific areal capacities of the cathode and anode half-cells,

respectively, which can be determined from separate experiments on each type of coin half-cell.
and

are the scaling factors for the cathode and anode to estimate the amount of active

material in the anode and cathode of a pouch cell.

and

are slippages or capacity-axis

factors to adjust the corresponding capacities of half-cells with that of pouch cell so that satisfy
each pair of points match well on the potential-curves under the specific voltage window. In this
chapter, the pouch cell is comprised of 16 cathode (18.9cm×14.15cm) and 17 anode
(19.2cm×14.5cm) sheets with the double coating and the traditional design of the anode
excessing cathode in terms of area and capacity is adopted. Therefore, the factors

and

are assumed are the same and estimated to be 18.9 cm x 14.15 cm x 16 x 2 = 8558 cm2 =A
because cathode with the small area and low capacity can represent the actual capacity of the
fresh pouch cell. Then, 1.0A in cm2 denotes 1.0 multiply A, showing that all area materials has
been used. For the aged cell, a number less than 1 would be fitted and multiplied by the total area
A to express the capacity change as the new scaling factors. Since the model is valid under
equilibrium conditions, it is applied only to measurements obtained at a low current of C/25.
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Table 6.3 shows the values of all parameters measured or fitted using the differential voltage and
OCV analysis.
Table 6.3: List of parameters

Parameter

Symbol

Capacity of pouch
cell (Ah)

Value
Fresh

30days

120days

280days

14.97m

12.67m

10.67m

8.10m

Specific capacity of

0.00209m

-2

cathode (Ah cm )
Specific capacity of

0.00222m

-2

anode (Ah cm )
Scaling

factor

of
-2

cathode/anode (cm )
Capacity-axis factor
of cathode (Ah)
Capacity-axis factor
of anode (Ah)

1.0 A m

0.9 A f

0.85 A f

0.685 A f

1.5 f

2.0 f

3.0 f

3.2 f

0.12 f

0.18 f

0.2 f

0.18 f

m

: measured

f

: fitted

The results of discharge differential capacity curves and OCV fitting for the fresh and aged
pouch cell are shown in Figure 6.11 and Figure 6.12, respectively.
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Figure 6.11: dV/dQ analysis (black line: Experimental, yellow line: Calculation based on Eq.2)
for the aged pouch cell after (a) 0 days (b) 30 days (c) 120 days and (d) 280 days under 58℃
100% SOC condition.
Figure 6.11 shows differential capacity analysis based on Eq. 6.2. The fit of calculated data to the
measure data is much better for the small number of storage days, but it is still acceptable for the
large storage days. Using the fitting parameters, voltages vs. capacity curves between the
measured and calculated at various aging days are all marched very well (Figure 6.12). Note that
there is a continue decrease in both active materials areas, and an increase in cathode slippage.
These charges can be described in Figure 6.13.
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Figure 6.12: Comparison of experimental and calculated voltage-capacity curves fitted according
to the differential voltage analysis for the aged pouch cell under 58℃ 100%SOC condition.

144

Figure 6.13: (a) Calculated voltage versus relative capacity for the aged pouch cell. (b) Cathode
and (c) anode voltage vs. capacity as determined by the differential capacity analysis program.
Figure 6.13 shows the voltage vs. capacity graphs for the pouch cell (Figure 6.13a) as well as the
cathode (Figure 6.13b) and anode (Figure 6.13c) half cells for the same cathode and anode
electrodes. Q=0 denotes the fully discharge state of the pouch cell at each test. Through the
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differential voltage analysis, the voltage vs. capacity curves for the cathode and anode have been
scaled and slipped by the appropriate slippage and active areas. The active areas of electrode
materials changes cause a shrinking or expansion of capacity range of reference voltage vs.
capacity curves (cathode and anode). With the aging time going on, the scaling factor
decreases, which indicates the active materials cannot be utilized owing to the cycleable active
lithium limiting as the above analyzed., even though they were not damaged based on the
analysis of Figure 6.7 to Figure 6.9, For all tests, anode is almost fully emptied of Lithium and
cathode is not completely filled at 0% SOC according to a tiny anode slippage. However, the
cathode kept to slip to the higher absolute capacity, which can only occur if electrolyte oxidation
is occurring [144]. Therefore, the electrolyte oxidation at cathode is a major side reaction to
consume cycleable lithium for the high SOC storage cells.

6.3.3 Compression effect
When a commercial pouch cell is usually first manufactured, the space inside is filled with
electrolyte and contains no gas, while the sealing package has a smooth surface. This was the
condition of the fresh cells when we first observed them prior to storage. However, once the
storage period began, gas bubbles could be clearly observed in all of the pouch cells. The amount
of bubbles gradually increased as the cells were stored for longer and longer time. Moreover,
more gas appeared to be generated when the storage temperature was raised from 38˚C to 58˚C.
Thus, the largest amount of gas appeared in the fully charged cell stored for 280 days at 58℃ and
caused the package surface to wrinkle when held between the fingers. Based on previous
research, the composition of the gas is considered to include CO2 CO and C2H4, which are the
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products of side reactions. Agubra et al. [145] investigated electrolyte decomposition in lithiumion batteries and the formation of thick films on the surface of the graphite particles, leading to
the loss of cycleable lithium and the generation of CO2 and C2H4. Belharouak et al. [146] also
indicated that CO2 and CO was produced by the decomposition of ethylene carbonate (EC) in the
electrolyte and furthermore that the amount generated rose as the temperature was raised from
30˚C to 60˚C. In addition, Broussely et al. [143] concluded that side reactions, including
electrolyte oxidation on highly charged cathode surfaces during storage at elevated temperature,
could cause the cell impedance to increase, CO2 to evolve and battery life to be reduced.
In order to investigate the effect of gas pressure on the performance of cell, we conducted nondestructive tests involving the force-loading of fully charged pouch cells aged at 58˚C for 280
days according to the procedure described in the Experimental section. On the basis of charge
and discharge curves obtained at C/25, the capacity was found to increase by almost 21% from
8.21 Ah when no pressure was applied to 9.92 Ah when 4 psi force was applied (Figure 6.14).
However, no capacity change had been observed for the fresh cell in terms of C/5 C/2 1C to 3C
between with and without 4 psi pressure. The large capacity rise demonstrated that the utilization
of active materials in the aged pouch cell could be dramatically enhanced by the simple
application of a non-destructive force. Furthermore, this improvement in utilization was evident
in two ways: i) the available SOC windows or stoichiometries of both the cathode and anode
materials broadened and ii) the percentage of the available amount of active material increased.
However, once the capacity was normalized using self-capacity. the two pairs of chargedischarge curves corresponding to the two test cases were found to overlap almost entirely, as
shown in Figures 15a and 15b. This demonstrated that the form of charge-discharge curves had
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almost no change, i.e., relationship between potential and SOC window did not change and that
the improvement of capacity under force loading could be attributed only to an increase in the
amount of available active material.

Figure 6.14: Comparison of charge-discharge curves obtained at the rate of C/25 with and
without the application of 4 psi pressure on a pouch cell previously aged by storage for 280 days
at 58˚C.
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Figure 6.15: Comparison of potential-normalized capacity curves obtained during (a) discharge
and (b) charge at a rate of C/25 with and without the application of 4 psi pressure on a pouch cell
previously aged by storage for 280 days at 58˚C.
Through differential voltage analysis and OCV comparison of the pair of discharge performance,
the fitted results showed that the scaling factors increased to 0.70A, compared to the value of
0.60A when no pressure was applied, reflecting an increase in the available active material area.
As described in the Experimental section, we also conducted an experiment in which the
pressure was adjusted in 9 steps and the discharge capacity at C/25 was measured after each step.
A comparison of the potential-capacity curves and the capacity at the end-of-discharge measured
at each pressure is presented in Figures 6.16a and 6.16b, respectively. When the load is first
increased from 0 to 4.0 psi pressure, the measured capacity of the pouch cell jumped from 8.2 Ah
to 9.9 Ah. Over the subsequent 5 steps, the capacity more gradually increased to 10.5 Ah
although the pressure was increased first but then decreased. Over the last 4 steps, the discharge
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capacity decreased as the force-loading pressure was reduced, especially after the last stage when
the pressure was dropped from 1.0 psi to 0 psi. In fact, the measured capacity returned to its
original value of ~8.2-8.5 Ah when the pressure was decreased back to 0 psi at which the
experiment was started. This suggests that no permanent change in the discharge capacity was
observed when the pressure on the aged pouch cell was turned off. At the same time, this
experiment confirmed that the capacity could be significantly improved by the application of a
pressure to the cell, even a level as small as 1 psi. It is noted that the capacity measurement under
various pressures has been adopted here first time.

Figure 6.16: (a) Discharge potential-capacity curves and (b) capacity at the end of discharge
measured at C/25 at each pressure applied in the sequence of 9 steps on the fully charged pouch
cell aged for 280 days at 58˚C.
This effect of pressure is illustrated in the schematic diagram of the cross-section of an aged
pouch cell in Figure 6.17. Figure 6.17a corresponding to the situation when no pressure is
applied shows gas bubbles distributed throughout the cell, including the separators and
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electrodes, interfaces between electrodes and separators and between the Jelly Roll (J/R) and
sealing package bag. This distribution of gas bubbles could block some of the connections, such
as at electrolyte/active material interfaces, and cause the resistance to ionic and electronic
transfer to rise, utilization of active materials to decrease and the pouch cell capacity to be
lowered. The DCIR curves in Figure 18 showed that an improved pulse voltage curves for the
same cell under 4 psi pressure, comparing with that without pressure. Once pressure is applied to
the pouch cell, most gas bubbles inside the cell would be squeezed out into the outer region at
the interface between the J/R and sealing package bag where they would have little effect on the
operation of the cell (Figure 6.17b). Therefore, no matter how much force is loaded on the pouch
cell, it should be sufficient to displace the gas from key contact points and increase the measured
capacity of the pouch cell. In addition, a high force load may improve the connections between
the various cell components and cell operation.

Figure 6.17: Schematic diagram of the cross section of the aged pouch cell (a) without forceloading and (b) with force-loading.
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Figure 6.18: Comparison of galvanostatic pulse discharge curves between with and without 4 psi
pressure for 280 days at 58˚C.

152

Chapter 7 Conclusions and suggestions for future work
7.1 Conclusions and Summary
In this work an effective method for composition estimation of blended cathodes of Li-ion cells
is proposed and validated for a NMC-LMO blended cathode. The method consists of two main
steps. In the first step, SEM/EDX analysis and the differential capacity signature of an electrode
sample are used to identify the active materials. A physics-based model is then used to simulate
the electrode discharge at a very low current (e.g. C/25) and compare to the experimental
discharge profile in order to estimate the electrode composition. The model prediction is found to
be in excellent agreement with the composition obtained from an independent, nonelectrochemical experimental technique, i.e., powder X-ray diffraction of the identified
commercial compounds.
For the identified commercial NMC-LMO blended cathode, a mathematical model has been
implemented to describe its performance. The model features particles with different sizes and
chemical composition. More specifically, the electrode is loaded with two different active
materials NMC and LMO. Since NMC forms agglomerates, it is sub-divided into 2 classes of
particles, i.e., primary particles and secondary particles. The secondary particles are considered
to be large non-porous NMC agglomerates. Particle size distributions (PSDs) for the LMO
particles, NMC primary and NMC secondary particles were obtained from SEM micrographs
with the resulting d50s used in the model. Expressions describing the dependence of the
equilibrium potentials of NMC and LMO on the lithium concentration were fitted assuming that
they can be obtained from the average of the potentials measured during charge and discharge at
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the low rate of C/25. The effective electronic conductivity of the active materials was measured
using a 4-point probe setup and its impact on the electrode potential estimated by dimensional
analysis of Ohm‘s law. The model also features variable solid-state diffusivity and treats the
transport of intercalated species across active material particles in a thermodynamically
consistent manner. The model has been shown to accurately capture the galvanostatic discharge
data as well as the differential-capacity curves obtained from a blended NMC (70 wt%): LMO
(30 wt%) cathode at various C-rates. This indicates that the assumption of nonporous secondary
particles is reasonable at least over the operating condition of interest in this study, i.e., up to 2C
applied current. This significantly simplifies the model and relaxes the need for characterizing
the actual porous particles.
Adopting the multi-particle mathematical model, six sets of discharge Galvanostatic Intermittent
Titration Technique (GITT) curves with varying pulse currents and relaxation periods have been
simulated in a NMC-LMO blended lithium-ion electrode. The simulation results show that the
model is applicable for all cases and more accurate for the case of small current pulse discharge
rate with a longer relaxation time. An analysis of the current contribution and surface lithium
stoichiometry of each component reveals that a complex interaction between the two active
materials NMC and LMO and between micron and submicron NMC particles occurs during
electrode operation. It has a balancing effect on the lithium concentration at the surfaces of LMO
and NMC particles. The present analysis suggests that such interaction arises mainly from
thermodynamic factors where the potentials of the two components are driven away from (or
toward) a common equilibrium potential during discharge or rest periods.

154

In addition, the multi-particle mathematical model has been used to analyze the charge/discharge
asymmetry observed in the rate capability of an NMC-LMO blended cathode. A comparative
study of the differential capacity curves on charge and discharge at different currents levels
shows that the asymmetry in the contribution of each component (i.e., LMO or NMC) during
charge and discharge at medium to high C-rates is at the heart of electrode charge/discharge
asymmetry. It is observed that the capacity contribution of LMO (relative to the total end-ofcharge or -discharge capacity at a given rate) increases during discharge when the current is
raised, but decreases during charge for a similar change in C-rate. Based on the model and
experiment analysis presented in this paper, the observed asymmetry is attributed to a
combination of the following factors: i) difference in the equilibrium potentials of the two
components as functions of stoichiometry, ii) composition of the blended electrode, iii) solidstate diffusion and kinetics limitations which differ for the two components. The first and the
second factors together cause an asymmetry in the availability of intercalation sites in the two
components toward the end of charge and discharge, while the third factor lead to a difference in
the dynamic performance of the electrode during charge and discharge.
At the last part of this work, , the calendar life of a commercial pouch cell consisting of a NMCLMO blended cathode and graphite anode and the degradation of an aged cell have been
investigated through a series of pouch cell tests, coin cell tests and OCV modeldifferential
voltage analysis. In addition, the effect of pressure on an aged pouch cell has been studied. The
calendar life of pouch cells was assessed under the following four conditions depending on its
SOC and storage temperature: 0% SOC at 35℃, 0% SOC at 58℃, 100% SOC at 35℃ and
100% SOC at 58℃. The conditions at the lower storage temperature and SOC are considered to
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be moderate for the cells, while storage at the higher temperature and SOC are sufficient to
accelerate the degradation of the capacity at all four rates of C/5, C/2, 1C and 2C. Not
surprisingly, the fully charged pouch cell aged at 58℃ exhibited the most rapid degradation so
that the percent capacity remaining after 280 days of storage dropped to 55% and the DCIR
increased to 6.2 mΩ from the level of 2.4 mΩ measured prior to aging. The research on a
degradation mechanism for the aged pouch cell showed that the loss of cycleable lithium leading
to the formation of a passivation layer on the surface of the graphite anode and generation of gas
is the predominant reason for the capacity loss. The simulation results of the OCV model
revealed that about 40% of the active material was not used in the aged pouch cell. The study on
the effect of pressure on the aged pouch cell showed that a large increase in capacity could be
achieved if a force was loaded on the aged cell. It is most likely that this loading changed the
distribution of gas bubbles inside the pouch cell by squeezing the gas from locations where it
could hinder the transfer of species to the outer regions where it has little effect on cell operation
and performance. Therefore, the utilization of active materials can be enhanced. The fitting of
the differential voltage analysis to the experimental data indicated that the amount of active
material could be improved by 10% compared with that utilized in the absence of an applied
pressure.
This work can be used for analysis of blended cathode Li-ion battery degradation studies as well
as the development of cathode blends for specific applications and duty cycles.
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7.2 Recommendations
For the current and future work, several suggestions and recommendations are proposed as the
following shows:
1. In the materials aspect, the phase transition mechanisms and the interactions between species
in the lattice of each component should be further investigated to develop a more detailed
understanding. Specifically, some significant experimental phenomona such as the interplay
between active materials in a blended electrode should be studied in depth, so as to develop a
practial-based physical model which is described by combined materials science, engineering
theory and their interdisciplinary science.
2. Then, a multi-scale mathematical model, concerning ionic and electronic transfers in the single
particle, in the porous cluster, and in the electrode level can be developed. Although the model
would be much complicated, compared to the presented multi-particle model, it can depict a
coherent picture for the entire electrochemcial reaction process and provide a distinct
understanding for the rate-limitation factors under the varying operation conditions.
3. In terms of life study, a cycle life of the commercial blended pouch cell, considering capacitypower fade mechanisms under different accelerated factors, i.e. SOC window, C-rate and
operating temperture, could be investigated using some experimental analysis approaches in the
future work. This will be a significant supplement for the entire combined-calendar life study.
4. A mathematical model to describe life degradation and predict life of the 15Ah commercial
blended-cathode pouch cell could be developed. It will be useful tool to evaluate the avalible life,
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adaptive control strategies to perserve life and develop new cell-designed technologies with a
superior performance.
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