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Abstract

The distinctive intrinsic electrochemical characteristics of lithium ion batteries (LIBS)
have made them a suitable energy storage device for many electrical storage applications
such as electric vehicles (EVs) and energy storage systems (ESS). Yet, concerns about the
mileage requirement, reliability and safety of LIBs for EV application remain a major
drawback. To meet the mileage requirements, there is the need toincrease the energy density
of LIBs for EVs. This can be achieved by replacing the conventional cathode and anode
active material witha higher energy density active material. However, these materials suffer
from severe capacity fade. The physical and chemical degradation mechanisms for the
severe capacity fade are diverse, complicated and interdependent, and very difficult to
understand. Yet, there are limited reliable and practical methods for detecting, predicting

and gquantifying these degradation phenomena.

This thesis presents a non-destructive capacity-fading analysis method to identify the
various degradation mechanisms of high energy density active materials for Liion cells. The
key objective of this method is the extraction of information on degradation from physics-

based model parameters that changes with cycling via a parameter estimation technique.



Abstract ii

Comprehensive capacity-fading models; physico-chemical and chemo-mechanical model,
are then developed to describe and quantify the identified degradation mechanisms. The
developed capacity fade models are used to study the nature of different cell design
parameters and adhesive strength on the specific capacity and stability of Li ion cells. A
time-effective accelerated capacity fading analysis method for Li ion batteries is proposed
using the developed physico-chemical model and a pseudo-two-dimensional model. The
developed capacity fade models improve the prediction and quantification of the degradation
mechanisms of high energy density electrode active materials. This will enhance the
effective integration of high energy density electrode active material into LI1Bs and thereby
resolve the issues related to mileage requirement and reliability of LIBs for EVs. The

findings presented in this work is of both technological and commercial interests.

Keywords: Lithium ion batteries, Capacity fade, Physics-based model,
Physico-chemical model, Chemo-mechanical model.
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Chapter 1

Introduction and literature review

1.1 Introduction

Micro hybrids, mild hybrids, plug-in hybrids (PHEVs) and all-electric vehicles (EVSs)
powered by battery systems are the major alternatives being offered in the vehicle market.
A micro hybrid vehicle is a system the uses the start-stop technology. This enables the
vehicle to be ignited by the battery pack, trap energy to be stored in the battery during
breaking and be able to support the electrical systems when the internal combustion engine
(ICE) is shut off. The mild hybrid is like the micro hybrid with additional components. These
components are an electric motor/generator in parallel with the ICE. The electric
motor/generator assist the vehicle when coasting and breaking. There is no electric-only
mode of driving in the mild hybrids, even though they can assist the ICE. PHEVs has the
same characteristics as the mild hybrid vehicles with the ability to plug into electric grid as
well as having an electric-only mode of driving [11. Consumer interest, technology, cost,
regulatory requirements and a variety of government incentives are the factors that controls
the hybrid and electric vehicle markets. The features of battery systems such as cell
chemistry, power density, energy density, cycle life and operating conditions influence all
these factors. The type of cell chemistry is extremely relevant as it controls the inherent
safety, battery design, shelf life, reliability and so on. Figure 1.1 [21 shows the comparisons

of various cell chemistries together with their miles per charge and target.
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Pb-acid batteries are relatively cheaper among the existing automotive battery systems;
however, they are composed of toxic materials and shows a lower energy density [,
Compared to Pb-acid batteries, Ni-Cd batteries exhibits higher energy and power density
values, but Cd anode is toxic and expensive. Ni-MH batteries are relatively better than Ni-
Cd batteries in terms of power and energy densities with non-toxic MH anode. However,
they require complex charging protocols and they have high self-discharge issues. LIBsare
comparatively more expensive than the other cell chemistries, but they deliver the highest
energy and power densities as well as longer cycle life [4-6]. Nevertheless, there are still

issues related to the mileage requirement, safety and warranty.

100000 - = i
3 Range (miles) per charge for EVs Target
] 20 40 60 150 250 »
10000 - 1900s 1960s |1980s 19905 2000s
a 3
= 1 E
S 10004 K
— E B
@ &
2 - 2
g 1004 M
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3 10 1 (300-650)
3 (200-500) (250-800)
1 il (25-200)
T L] T 1 ¢ T » T
0 50 100 150 200

Specific energy (Wh/kg)

Figure 1.1. Ragonne plot of various cell chemistries and their miles per charge as well as
target. The number s in the parenthesis is the price (USD) for the particular cell system per

kWh [2],

The mileage of current EVsis ca. 250 miles per charge, which is less than the mileage
of ICEs. To take on ICEs, the driving range of EVsshould be increased to ca. 350 miles per
charge by 2020 [2], To increase the mileage requirements of EVs, there is the need to increase
the energy density of LIBs. The energy density of LIBs is influenced by many factors at the

battery pack, cell, electrode and material level. These factors include the effect of
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components such as the electrolyte, separator, electrode, amount of inactive material, cell
and battery design. The energy density required for a driving range of 350 miles at the battery
pack level is 70 to 80 kWh for similar EV models available in the market. To meet the
mileage requirement of EVs, the energy density of LIBs should be improved at all levels as

presented in Figure 1.2 [7],

1100
1000
900

Fsomm 1

800
700
600

L 1
Msomm ! Tisomml
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400
300

Specific energy / Whkg™

200

battery level cell level electrode level material level

Figure 1.2. Specific energy density from pack to materials level alongside design steps for

battery packs [71.

The energy density at materials level is first translated to a full electrode level, where
electrode design parameters such as porosity, thickness and composition are needed. These
electrode design parameters are function of the specific properties of the active material such
as particle size and conductivity. At the cell level, a suitable cell type and size, number of
jellyrolls and suitable cathode and anode should be selected. Prismatic hard case, cylindrical
and pouch cells are the three main cell formats used for EVs application. Even though
cylindrical cells delivers higher energy densities because a stacked cell assembly is in a
cylindrical cell is wound with higher tension, prismatic and pouch cells are used for a wide
range of automotive applications owing to easier customization of their size for the final

product. Finally, to achieve practical voltages (usually between 200 and 400 V) and required
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capacities for EVs application, appropriate strategies must be selected to connect the
individual cells to battery modules and battery packs. From Figure 1.2, an energy density of
750 Wh kgt at the materials level is required to achieve an energy density of 300 Wh kg
at the battery level. Thus, the choice of active material has a profound effect on enhancing

the energy density of LIBs for EV applications.

Currently, natural and artificial graphite is the main anode-active material in LIBs [8°]
and act as a universal reference in assessing new materials. However, to improve the energy
density of LIBs, graphite must be replaced with higher-specific-capacity alternatives such
as Si. Si is one of the most promising anode material owing to its high theoretical capacity
(>4000 mAh g'1) and lucrative operating voltage (~0.3 V versus Li/Li*) [10-12 However, Si
suffers from severe capacity fade due to huge volume change upon (de) lithiation leading to
failure modes such as pulverization, delamination and formation of unstable solid electrolyte
interphase (SEI) as shown in Figure 1.3 131, Considerable efforts have been focused on
combating these key failure modes. Progress has been achieved in this area by using smart
electrode structures [14-161 and binder designs [17-1°]. Smart electrode structures such as
porous carbon [15:2021] graphene [18] tubular templates [22] and other semiconducting
materials [23] with similar morphologies buffer the volume expansion in Si through
conductive nanoporous structures. Replacement of conventional polyvinylidene difluoride
(PVDF) with new binders such as polymers with crosslinked chains [17:24] self-healing
polymeric matrices [18.19] carbohydrate-based polymers and electronically conducting
polymers adequately maintain the electrode structure during iterative volume changes of Si.
The use of smart electrodes and binder designs simultaneously resolves issues related to
pulverization and delamination of the active material. The problem related to the formation

of unstable SEI can be largely resolved by a circumspective selection of electrolyte solution
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[25-27] Even though, these progresses have been made, the commercialization of Si is still at

a halt, owing to limited understanding of the capacity fading mechanisms and more limited

is a way to quantitatively assess and identify capacity-fading mechanisms.
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Figure 1.3. Degradation mechanism of Si anodes due to large volume expansion during

lithiation [13],

Ni-rich and Li- and Mn-rich layered materials are the next prominent cathode materials
in the field of LIBs. These materials originated from the early works by Dahn [28] and
Thackeray [291, They are the successive generation of their well-established layered
counterparts, LiCoO2 (~145 mAh g1) and LiNi13C013Mn1302 (~153 mAh g1) [30], Ni-rich
LiNixCoyMn;O2 or LiNixCoyAl:02 (x +y + z = 1) layered cathode materials in which x>0.6,
have higher relative specific capacity because of their electronic structures, as with LiNiO2;
in contrast to LiCoOz, the energy band of LiNiO2 does not overlap with the O2p band [31],
permitting a higher degree of charging without distorting the Oz framework. The specific
capacity of Li- and Mn-rich cathode materials is higher than 250 mAh g-1. This capacity is
achieved owing to the presence of LizMnO3 which is activated in the first charge during Li

extraction and Oz evolution at a potential of >4.7 V [32] However, these two materials suffers
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from severe capacity fade during cycling because of the transformation of the layered
structures to a more thermodynamic stable spinel-like phases upon the extraction of Li-ion
during charging [33]. The transition is due to the preferential migration of transition metals
(TMs) to the octahedral sites in the Li slabs (Li-TM mixing) [34] (Figure 1.4 [13]) leading to
a drop in both the discharge voltage profile and capacity, and the dissolution of TMs
resulting in irreversible and inactive interfacial compounds [311. In addition, formation of
resistive surface films that increases the electrode impedance during the interaction of
nucleophilic and basic cathode materials with solution species also contributes to the severe
capacity fade [3°], To combat these degradation mechanisms, strategies such as TM doping
[36-38] surface coating with AlFs [391 Al,O3 0411 AIPO4 1421 and the incorporation of

concentrated gradient structures [431,
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For effective integration of high energy density electrode active material into LIBs, and
prognostics and health management (PHM) analysis of LIBs, knowledge about the capacity-
fading mechanisms under certain operating conditions is vital [#44%, There are two existing

methods for studying the capacity-fading mechanism of L1Bs [46]:

1. Post-mortem method: This method involves the physico-chemical analysis of
disassembled aged batteries using advanced instruments and test methods (such as
scanning electron microscope (SEM), X-ray diffraction (XRD), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) among
others).

2. Battery performance-based analysis method: This is a non-destructive method,
which employs electrochemical voltage spectroscopy (EVS) to analyze the capacity
fade and increase in resistance. It also involves the analysis of the capacity-fading

mechanism using identified model parameters.

Post-mortem analysis methods are reviewed in section 1.2 and battery performance-
based analysis method in section 1.3. Identified capacity-fading mechanisms are modeled to
predict and study the effect of design parameters on the long-term cycling performance.
Section 1.4 present areview on capacity fade modeling. The focus and aims of this work are

discussed in section 1.5. This chapter is terminated with an outline of the thesis.
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1.2 Post-mortem analysis methods

Samples for physico-chemical analysis methods can originate from anode, cathode,
separator, current collector, or the electrolyte. Different parts of a solid sample can be
differentiated: electrode surface, bulk, cross-sections, and different analysis methods can be
allocated to them, respectively. Surface sensitivity analysis are related to the physical nature
of the involved types of radiation or particles. They are produced either by reflection of
radiation/particles on the surface of the sample due to short mean free paths of particles
inside the solid samples. Representative surface sensitive methods are microscopy, EDX,
XPS, IR or SIMs. Other methods are not surface sensitive and includes information from

the bulk electrode. Examples are ICP-OES analysis and XRD analysis.

Optical microscopy.—Optical microscopy is used to detect capacity-fading effects such as
changes in electrode thickness!*”] or depositions on electrode surfaces which are in pm size
range [47:48], Brand et al. [*°1 used optical microscopy to observe the scorching of a separator
after shaking tests of 18650 cells. In situ analysis via optical microscopy has been used to
study Li deposition and dendrite formation during charging process [59-521 and color changes
in graphite 53 and rutile [54] electrodes . Optical microscopy have been successful utilized
in the development of new materials: determination of fracture energy of lihtiated Si thin-
film electrodes as a function Li ion concentration [5%], and the effect of silica nanoparticles

added to gel electrolytes to prevent Al current collector corrosion [56],

Scanning electron microscopy. —Scanning electron microscopy (SEM) deliver
improved resolution compared to optical microscopy. SEM has been used to study the
growth of solid electrolyte interphase (SEI) on the negative graphite electrode [47:57.58], The

capacity fadeduetothe growth of SEI is related to the decomposition of electrolyte resulting
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in loss of Li ions [39:6%], Honbo et al. (6] studied Li deposition on graphite using SEM and
undiscovered dendritic and granular morphologies on pristine and grinded carbon,
respectively. Zier et al. 2] revealed that it is possible to enhance the material contrast of Li
deposition on graphite electrode by reaction with OsO4. Studies conducted on other anode
materials such as LisTisO12 by SEM has so far not given precise information on degradation
mechanisms [631, Mechanical stress due to volume changes in the cathode material during
cycling results in cracks in the particles, which are observable by SEM [64.65 Degradation
of other cell components such as corrosion of Al current collectors [66.671 and pore-closure

168,691 or melting of separators are discoverable by SEM.

Transmission electron microscopy.—Transmission electron microscopy (TEM) uses
higher acceleration voltages for electrons, permitting transmission through materials and a
higher resolution down to the atomic scale as compared to SEM [62.70], TEM has been used
to investigate the structural changes in particle morphology arising from calendar and
cycling aging for LiNio.sCoo.15Al0.0s02 cathode material 711, Relevant insight regarding
binder dependency on cell performance, SEI formation cathodes and evaluation of new
electrode materials have been provided by TEM. Usage of TEM is shifting from a post-

mortem analysis method to an in situ and operando technique [72],

1.2.1 Surface sensitive chemical analysis methods

Energy dispersive X-ray spectroscopy.—Energy dispersive X-ray spectroscopy (EDX) is
often combined with SEM devices to provide information on the chemical composition of
the active materials and to detect the presence of additional phases such as detection of
redeposited dissolved Mn on top of graphite from NMC/LiMn204 blended cathodes [57:5,

Similarly, Klett et al. observed Fe on anodes after dissolution from LiFePOa cathodes [73],
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The presence of F and P on anodes due to the decomposition of the electrolyte [57.74, EDX
mapping permits the detection of O and C suggesting the formation of Li.COs, however, a
further analysis using FTIR and XRD for verification was required [73]. Maleki et al. [®
investigated the effects of deep discharge below the end-of-discharge voltage for
commercial LiCoO2/graphite cells using EDX. The authors discovered that, discharging to
0 V can lead to dissolution of Cu from the negative current collector which is detected on

both anode and cathode.

X-ray photoelectron spectroscopy.—X-ray photoelectron spectroscopy (XPS) has been
used to detect the possibility of catalytic reactions occurring at the electrolyte graphite
interface [771. Lu et al. [78] performed XPS surface and depth profiling analyses and observed
an increase of the SEI thickness in aged cells. Using XPS, Ehrenberg’s group were able
identify the constituents of the outer and inner layers of SEI in a commercial pouch cells,
but was not able to discern into the differences in SEI characteristics for different formation
procedures [791, Zheng et al. 8% used post-mortem XPS to confirm that newly formed layers
of Li2COs and LiF on the anode surface were the reason for the significant increase in bulk
resistance and charge transfer resistance when they studied the degradation of commercial
LiFePOa/graphite cells. Post-mortem XPS was used by Feng et al. [81 to identify the main
problem of Li-S cells which is the accumulation of S species on the electrode surfaces

resulting in capacity fade.

Fourier transforms infrared spectroscopy.—Fourier transform infrared spectroscopy
(FTIR) samples from Post-Mortem analyses have been conducted aiming to tackle
differences when using electrolyte additives [82:83], |n these cases, both anodes and cathodes
were studied. Likewise, FTIR results are used to compare SEI characteristics when changing

the Li-based salt [84], Norberg et al.[8%], studied LiNio.sMn1.50s-based cathodes cycled with 1
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M LiPF6 in EC/DEC mixture. After cycling, FTIR tests unveiled characteristic bands of
alkyl carbonates along with bands at 1310 cm™ and 1110 cm™ assigned to C-O and C-C
stretching modes in ketones, which evidence of electrolyte de- composition on the cathode
surface. Nevertheless, the identification of the specific decomposition compounds was not
possible with this technique. Other Post-Mortem surface chemical sensitive analysis
methods include secondary ion mass spectroscopy (SIMS) and glow discharge optical

emission spectroscopy depth profiling (GD-OES).

1.2.2 Bulk electrode chemical analysis methods

Inductively coupled plasma optical emission spectrometry— In Post- Mortem analyses,
inductively coupled plasma optical emission spectrometry (ICP-OES) is used to determine
the elemental composition of electrodes. ICP-OES measurements are relevant in proving
dissolution of transition metals from the cathode by detecting the migrated material on the
anode. This dissolution was shown to contribute to the capacity-fading mechanism of the
anode #7571 and is caused by HF [86.87] Stiaszny et al.[*”], observed transition metal
concentrations of fresh and aged anodes of LiMn204-NMC/graphite cells with ICP-OES
which was confirmed by the decrease in peak height of the NMC peak in the cyclic
voltammetry. The Mn on graphite anodes dissolved from NMC/LiMn204 blend cathodes
was found to increase with temperature [57:5%1and time 591 by ICP-OES. Another capacity-
fading mechanism studied by ICP-OES is the growth of SEI limited to the elements Li, P,

and Mn and sup- ported by EDX [57:59],

Nuclear magnetic resonance spectroscopy.—Nuclear magnetic resonance (NMR)
spectroscopy is a powerful method that characterize materials and chemical compounds in

solid state and in solvents [88] It also provide information about transport properties and
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mobility of ions, electronic, magnetic, as well as thermodynamic and kinetic properties [8997,
According to Delpuech et al.[°1], the high irreversible capacity loss of Si- based anodes
originates from the degradation of the carbonate solvents followed by the formation of non-
lithiated carbon species in oligomeric or polymeric form. Grey and co-workers [92] showed
that the capacity loss and self-discharge is directly linked to structural changes in Si anodes
and can be avoided by the correct choice of binders. DeSilva et al.[?3, studied SEI formation
on LiNio.s0C00.202 cathodes and MCMB-(1028)-carbon anodes by 7Li, 19F and 31P solid
state MAS NMR. In case of the cathode, the authors could determine different amounts of
irreversible Li concentrations for the same nominal electrochemical SOC after cell
disassembly. Furthermore, they could show that additive decomposition and deposition

occurs on the cathode.

1.2.3 Electrolyte analysis methods

Electrolyte degradation occurs due to side reactions that provide insoluble, soluble and
gaseous products [87:941, Detection of such products is fundamental to trace back the side
reactions responsible for capacity fading in LIBs. Thus, many studies have implemented
techniques to analyze electrolytes and gases generated during battery aging.
Chromatographic techniques have proven to be very successful in Post-Mortem electrolyte

characterization.

Gas Chromatography (GC) coupled with a thermal conductivity detector (GC-TCD)
enabled the observation of Hz, CO, CO2, CHa4, C2H4, C2Hs and C3Hs upon the first charge.
To gain insights in the formation mechanism of alkyl dicarbonates, Sasaki et al.[?%], carried
out Post-Mortem GC-mass spectrometry (GC-MS) analyses of electrolyte recovered after

cycling of Li / graphite half-cells. The presence of alkyl dicarbonate was confirmed, and
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parallel chemical simulations signaled that Li alkoxides could trigger the alkyl dicarbonate

formation.

Laruelle et al.[%] performed Post- Mortem electrolyte and gas analyses on lab scaled
cells. The authors used Electro Spray lonization coupled with High Resolution Mass
spectrometry (ESI-HRMS) and GC-MS for analyzing the electrolytes, though a different set
of capillary columns was used for GC- MS analyses of the stemmed gas. The parallel use of
these techniques permits the detection of compounds on a wide mass range, thus a global
electrolyte degradation mechanism was elucidated [97:%8], The authors discovered that most
degradation compounds are derived from the linear carbonate reduction, which provide the

Li alkoxides that further trigger the electrolyte esterification, while the two-step reduction

of EC was less important.

Recently, the GC-FTIR-MS equipment was used to analyze the gases from a swollen
commercial cell. The gas recovery was performed in an Ar-filled glove box by piercing the
pouch cell bag with an air-tight syringe. The authors identified CO, CO2, CHs4 and CsHg in
the GC/FTIR Gram-Schmidt graph. The GC/MS chromatogram allowed the detection of
other less abundant volatile compounds. Complementary GC-MS electrolyte analyses
allowed the detection of alkyl dicarbonates and longer carbonate chains, as well as
organophosphate compounds, which indicated that water traces present in the commercial

cell play arole in the electrolyte decomposition [°],
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1.3 Battery performance-based analysis methods

Battery performance analysis methods is less complex and non-destructive. A wealth of
information on the capacity-fading mechanisms of LIBscan obtained from this method. The
two main battery performance-based analysis methods are the electrochemical voltage

spectroscopy (EVS), and identification and tracking of model parameters.

1.3.1 Electrochemical voltage spectroscopy

The state of health (SOH) of cells can be obtained by direct monitoring of the changes in
capacity and power retention; however, cell diagnosis is not achievable due to the limited
accessible information on the capacity-fading mechanisms. Likewise, capacity and power
tracking are not recommended for prognosis either. Such information is traditionally
obtained through post-mortem analysis1%, however previous studies in recent years has
proven otherwise. That is, it is possible to obtain the capacity-fading mechanisms from data
collected during capacity tests because the voltage response of a cell changes during cycling
due to the changes in the balance between the cathode and anode [191192], The changes in the
voltage response can also be related to variations in the electrochemical reactions, which
occur on either electrode [1031, Hence, information on the thermodynamic state and on the
kinetics of the cell can be obtained by tracking and studying the changes in these voltage

profiles. This permits the diagnosis and prognosis of the cell.

The incremental capacity (1C), or dQ/dV = f(V),was first applied to Li metal cells by
Thompson [194] in the late 1970s. IC was introduced to enable the visualization and
quantification of the minute changes in the voltage profiles associated with a change in

electrode balance or a change in electrode signature on the classic voltage (V) vs. capacity
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(Q) curve. IC was efficient and less complex for analyzing voltage profiles of half-cells as
it was adopted to identify potential electrodes for Li-ion cells with IC signature for graphite
[105-107] and cathode materials [108-1101 However, the analysis of full-cell signature was
complex and only little qualitative or quantitative information was readable as reported by
Barker et al. [111] and the Berkeley National Laboratory [112], To solve this issue, Bloom et
al. 13 introduced another derivative method, differential voltage analysis (DV) or dV/dQ =
£(Q). Dubarry et al. [114] proposed a methodology to index IC curves which enabled the full
qualitative and quantitative analysis of ageing of both half and full cells. Both IC and DV
techniques have been adopted and accepted as valid alternatives to post-mortem techniques

to characterize commercial cells 1151,
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Figure 1.5. Correlation between (a) voltage profile and derivatives profiles (b) IC and (c)

DV. [116]

Both IC and DV analysis are based on the study of the changes in the voltage profiles of
a cell. Because of differences in chemical composition and/or crystallographic structure, all
active electrode materials have a different thermodynamic voltage profile with a different

set of voltage plateaus and regions where the voltage varies with composition. The voltage
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response of a hypothetical material, M, undergoing a lithiation to LiM and the two
derivatives of interest with IC and DV are shown in Figure 1.5a, 1.5b and 1.5c respectively
[116] From Figure 1.5b, it can be observed that, for IC curve, the main focus is the phase
transformations corresponding to the voltage plateaus while for the DV curves, the main
focus is on the single-phase regions with peaks for solid solutions. In theory, both IC and
DV curves provides the same information since they are both derived from the same voltage,
however IC curves are more preferable for identifying the capacity-fading mechanisms of
blended active materials owing to the additive contribution of both active materials to the
voltage profile. This is different for DV curves and modeling will be required to analyze the

different contributions.

The capacity fading of Li-ion cell is complex and that many capacity-fading mechanisms
can occur throughout the life of a cell depending on the operating conditions. These
capacity-fading mechanisms are well described in literature [117]. Large amount of test is
required to quantifying all of these mechanisms individually and likely some relevant post-
mortem analyses [190], Compared to these sophisticated tests, EVS analysis cannot provide
such accuracy and details; however they can be used to gather information on degradation
modes [116], The capacity-fading mechanisms can be classified into one or several of three
categories or degradation modes depending on how they affect electrochemical behavior of
the cell 11911, Some capacity-fading mechanisms affect the amount of active material
available for electrochemical reaction (e.g. dissolution or grain isolation) and thus can be
classified as LAM. Others consume Li ions from parasitic reactions (e.g. SEI layer growth
and inactive species precipitation) and thus can be classified as LLI. Lastly, some capacity-
fading mechanisms change the ohmic resistance of a cell (e.g. corrosion of the current

collectors) and alter the kinetics of the cell (e.g. growth of passivation layers). These three
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degradation modes can be quantified using EVS because they change the balance between
the PE and the NE (which may lead to further LAM). Bloom et al. [113] explained how to
interpret DV changes and relate them to the different degradation modes. Dubarry et al. [11]
attempted the same classification for IC curves by considering a Li-ion cell as a
communicating vessel problem. Experimental validation supporting both approaches (DV
and IC curves) for quantification of LLI and LAM degradation modes has been presented in

previous reports [119-121],

1.3.2 Identification and tracking of model parameters

Another battery performance-based capacity fading analysis method is to analyze the
electrochemical mechanisms using identified and tracked model parameters. There are two
types of battery model: the equivalent circuit model (ECM) and electrochemical models.
The study of state of health (SOH) of Li ion cells using the ECM was introduced by 122, A
novel SOC estimation method based on the model adaptive extended Kalman filter
(MAEKF) was proposed by Sepasi et al. [123] to update battery model of aged cells and
estimate SOC accurately. Guo et al. [124] introduced an SOH estimation method based on a
simple EMC approach to parameterize a single-variable, time-based SOH inference model
using CC charging profiles at various stages of life. The simplicity and accuracy of this
approach in estimating SOH makes it easy for on-board applications without sophisticated
experiment schedules. This makes the EMC-based capacity fade analysis attractive for
practical applications. However, the model parameters are lumped circuit parameters and
are hardly used for capacity-fading mechanism analysis, which is different from rate of

capacity fade analysis, which can be studied through SOC and SOH estimation.
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Electrochemical models on the other hand can handle the complex mechanisms of physical
and chemical processes, such as diffusion, transport of ions, ohmic phenomena,
electrochemical reaction and thermal behaviors [125-1271, They have a large set of parameters
with corresponding physical meaning, which makes them appropriate for the analysis of
capacity-fading mechanisms. Identification and tracking of electrochemical model
parameters for characterizing capacity-fading mechanisms has gained a lot of attention in
on recent years. The capacity-fading mechanisms of Li ion cells with different cathode active
materials and graphite-based anodes were investigated based on the changes in the SOCs of
the electrode material [128-1301 Schmidt et al. (133 studied the correlation between the volume

fraction of active material in the electrode (&), the ionic conductivity of the electrolyte (

) and the cycle number during aging. The authors used the changes in these model
parameters to characterize the SOH of Li ion cells. Ramadesigan et al. [132] observed that
both the electrochemical reaction rate constant (ks) and the Li-ion diffusion coefficient
constant (Ds) in the anode fades exponentially with cycle number. Fu et al. [133] treated the

volume fraction of active material in the electrode (&), the solid electrolyte interface (SEI)

resistance (Rfim) and the diffusion coefficient constant of the electrolyte (De) of an
electrochemical thermal model as capacity fading parameters to analyze the degradation
effects on the side reactions. Zhang et al.[*6] analyzed the capacity-fading mechanisms and
increase in the internal resistance of an LiCoO2/graphite batteries via electrochemical model

parameters identification and tracking.
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1.4 Capacity fade modeling

The capacity-fading mechanisms in Li —ion batteries originate from complex coaction of
physical and chemical mechanisms, perpetuated by environmental conditions, usage
patterns, and operational history. The individual cell components: the electrodes, the
separator, the electrolyte and the current collectors, are affected by different degradation
mechanisms [87:107.1341  The most frequently reported capacity-fading mechanisms are

presented in Figure 1.6 [119],
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Figure 1.6. Degradation mechanisms in Li-ion cells [11°],

The inter-dependencies, different causes and rates, and complexity of the capacity-fading
mechanisms pose great challenges to attempt to model or identify capacity-fading
mechanisms in Li-ion cells. To tackle the issues related to capacity fading modeling, two
main approaches have been proposed: the empirical model approach and the physics-based

model approach.
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1.4.1 Empirical modeling method
There are two general types of empirical methods for identifying and quantifying capacity-
fading mechanisms in Li ion cells. These are the data-driven methods and the on-line state

estimators.

1.4.1.1 Data-driven methods

Data-driven methods normally depends on large sets of experimental data obtained by
operating the Li-ion cells in harsh operating conditions. The obtained data from such
experiments can thus be used to establish relationships between environmental and

operational conditions and the symptoms of degradation, such as capacity and power fade.

Bloom et al [135] applied this method to model power fade by fitting experimental data

obtained at different temperatures to the equation
_Ea z
Q=A-exp ﬁ t [1.1]

where Q is percentage power loss, A is pre-exponential factor, Ea is activation energy, R is
gas constant, T is absolute temperature, t is time and z an empirically determined exponent.
Wang et al. [13¢] modified Eq. 1.1 to include current rate by substituting time with Ah-
throughput, which represents the amount of charge inserted/extracted during cycling. The
authors obtained good results for the stress factors they considered however, they did not
consider the effects of other stress factors such as different cut-off voltages and charge rate,

or combinations of stress factors.

Li et al. [1371 developed a cycle life model, which considers stress coupling between

temperature, cycling rates, end-of-charge and end-of-discharge voltages, and showed that
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coupling effects have a non-negligible impact on capacity fading above certain stress levels.
This methodology requires extensive test regimes for every new cell type, which consumes
a lot of time. Safari et al. [138] devised a capacity fade model based on the principles of
mechanical fatigue prognostic theory and validated it against simulated ageing data,
produced by a physics-based battery model, which assumes SEI growth as the only capacity-
fading mechanism. Validating the model with an existing model saves time and resources
compared to validating with experimental data; however, the model being validated is only
as good as the existing model. Since the physical model used is based on SEI formation, the
validated model developed for predicting capacity fade by Safari et al. [1381 can only be used

to model SEI formation and not capacity fade in general, which could also be caused by

other mechanisms.

He et al. (5] developed an empirical model for capacity fade
Q=a-exp(b-k)+c-exp(d-k) [1.2]

where Q is the cell capacity, k is the cycle number, a and b are empirical parameters related
to the impedance and ¢ and d are empirical parameters representing the ageing rate. The
model is fitted to the experimental cycle performance. Equation 1.2 can be used for
predicting the end-of-life of Li ion cells via extrapolation of the model parameters. Similar
data-driven methods based on empirical capacity fade models have presented in previous
reports [139-1411 The advantage of the above methods is that modeling and predicting the
effects of degradation on performance of the does not necessarily require knowledge of the
underlying physical and chemical mechanisms and specific composition of the cells.
However, large sets of experimental data are required to obtain accurate predictions. The

acquisition of such data sets is time consuming and expensive, and the data are highly
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specific to a certain type of Li-ion cells and do not necessarily reflect real-life usage if
recorded in laboratory conditions. On the other hand, data-driven models trained on large
data sets may be well suited to predict gradual changes in capacity or power capability of
the recorded data. However, such models are unlikely to accurately predict the end-of-life
of individual cells whose ageing behavior deviatessignificantly from that of the average cell
[41]. Nevertheless, knowledge of underlying capacity-fading mechanisms is critical to

identify potential safety hazards and improve the performance of the cell.

1.4.1.2 On-line state estimators

On-line state estimators are usually composed of simple dynamic models, such as equivalent
circuit models (ECMs), combined with a look-up table for the cell’s OCV and adaptive
filters or observers to evaluate both the fast-changing battery states (e.g. SOC) and the
slower-changing, time-varying model parameters, such as internal resistance and cell

capacity, which constitute the SOH [142],

Plett, [14%] applied a dual estimation approach using a simple ECM in combination with
an extended Kalman filter (EKF) to simultaneously estimate SOC and SOH, where SOH is
defined as the change in capacity and resistance of the cell. The input parameters were the
experimentally obtained terminal voltage and current. Similarly, Verbrugge et al. [44
implemented a simple ECM combined with a weighted recursive least squares algorithm to
estimate SOC and SOH using voltage and current measurements. The SOH was defined as
the values of the ECM parameters relative to their initial values. Both Plett [143land
Verbrugge et al. [144] failed to demonstrate how their algorithms perform at different

operating temperatures.
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Kim et al. (1451 implemented a different approach, where a dual-sliding-mode-observer
is combined with a simple ECM to estimate SOC and SOH (where the SOH was defined as
capacity fade and resistance increase). The parallel architecture of SOC and SOH observers
accounts for effects of degradation on SOC estimates, while keeping computational efforts
low (the authors claimed their method to be five times faster than equivalent Kalman filter
techniques). The changes in ECM parameters with temperature was considered as model
uncertainty and a large operating temperature range (— 30 °C to 55 °C) was covered. SOC
estimation errors still reached 10%, which would have to be improved for reliable

applications.

Remmlinger et al. [146] proposed a method for on-line estimation of a degradation index
that is based on internal resistance, using ECM and a regressive linear least-squares
algorithm. The identification process was conducted on a recurrent battery excitation
specific to HEVSs, recorded during the start of the combustion engine. Although the
separation of SOC and SOH estimations is advantageous in that it reduces computational

complexity, this approach is limited to internal resistance as the only estimator of SOH.

On-line state estimators are the most preferred choice for battery management systems
(BMS) in industry due to their relatively simple implementation and low computational
complexity [142, However, on-line state estimators does not include the effects of
degradation and operating temperature on the cell’s OCV [147] which is used at the core of
most state estimators. To achieve and maintain high accuracies in SOC estimation, changes
in the OCV of the cell due to different ambient temperature and capacity-fading mechanism
must be considered [148], On-line state estimators are not generally concerned with
underlying capacity-fading mechanisms. This makes it difficult to anticipate the safety

hazards linked to certain capacity-fading mechanisms.
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1.4.2 Physics-based models

Owing to the large number and complexity in the interplay of capacity-fading mechanisms
in LIBs, physics-based models usually considers two or more of the well-known capacity-
fading mechanisms such as SEI formation, cathode electrolyte interphase (CEI) and crack
formation within the electrode and particle, to predict the cell performance. Physical and
chemical capacity-fading mechanisms modeling required a dynamic model to estimate the
driving forces for the degradation at the electrode level such as electrode potential, current
densities and temperature. The two main electrochemical models: the pseudo-two-
dimension (P2D) model and the single particle model (SPM) have been used as the basis for

physics-based capacity fade models.

The P2D model is undoubtedly rigorous and accurate. However, it is too complicated
and sluggish to be applied to BMSs. The SPM, on the other hand, provides quick responses
but it is unsuitable for simulating high discharge rates and thick electrodes. The
shortcomings of the SPM and the complexity of the P2D model have motivated the
development of simplified versions of the P2D model to be used in the BMSs in different

applications.
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1.4.2.1 Pseudo-two-dimension model
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Figure 1.7. Schematic diagram of Li ion battery P2D model [149],

Doyle et al. [125] introduced the Pseudo-two-Dimensional (P2D) model for Li-ion
batteries using a combination of the porous electrode theory developed by Newman and
Tiedman [150] and the concentrated solution theory in 1993. Figure 1.7 shows a schematic of
the Li-ion battery [1491. The P2D model handles the three domains in the cell as an
independent homogenized continuum with effective conductivity properties using the

Bruggeman’s approximation. Inthe P2D model, the Li ions concentration in the solid phase

(C,) is obtained from the Fick’s second law of diffusion while the Li ions concentration in

the liquid phase (C,) is based on the conservation of Li ions. Ohm’s law is applied to obtain
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the potential distribution in the solid phase (¢ ), and both Ohm’s law and Kirchoff’s laws are

used toestimate the potential distribution (¢, ) in the liquid phase. The Butler-Volmer kinetic
equation is used to describe the pore wall flux ( j) of Li ions. The governing equations of

the P2D model are presented in Table 1.1.

Table 1.1. The governing equations of P2D model
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Using P2D model as the basis and Mn 3* disproportionation reaction proposed by Lu et
al. [1511 many researchers have tried to develop capacity fade model to describe and predict
the cycle performance of LiMn2O4 cathode active material. Park et al. 152 developed a
mathematical model to describe the degradation of spinel LiMn20Oa4. Cai et al. [153]developed

an updated P2D thermal model that depends on the Mn3* disproportionation reaction where
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a shrinking core model was used to describe the solid phase diffusion in the cathode. The
model accounted for changes in volume, radius, and porosity in the cathode and in the film
resistance due to the Mn3* disproportionation reaction. Dai et al. [154] also devised a model
to describe the capacity fade in the spinel LiMn204 electrode by studying the effects of acid
attack on the active material and the formation of SEI on the LiMn2O4 particle surface.
Although half-cell studies are useful and provide valuable information about the

electrochemical characteristics of the electrode material, they do not provide actual estimates

of capacity fade for practical applications.

Ramadass et al.[15%] developed a first principles capacity fade model for Li-ion cells by
incorporating a continuous occurrence of solvent reduction reaction during constant current
and constant voltage charging to explain capacity fade of the battery. The solvent reduction
reaction accounted for the formation SEI on the anode. Similarly, Narayanrao et al. (5]
proposed a hypothesis based on a set of phenomenological evolution models for major
degradation mechanisms namely SEI formation fracture and isolation. The SEI was assumed
to be formed on fresh surfaces of the particles as well as on fractured surfaces. Fuet al. [157]
developed a physics-based model for side reactions based on the formation of deposit layers
and loss of electrolyte and integrated into a P2D electrochemical-thermal model. From the
above previous works, the P2D model has been coupled with developed capacity fade model
to predict and study the various cell designs and operating conditions on the electrochemical

performance of LIBs.



1.4 Capacity fade modeling 28

1.4.2.1 Single particle model
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Figure 1.8. Schematic diagram of single particle model (SPM) [149],

Zhang et al. 1581 proposed a simplified version of the P2D model known as the single
particle model (SPM) in 2000. The development of the SPM is based on two main
assumptions: first, each electrode is modeled as two spherical particles in which ion (de)
intercalation phenomena occur. Second, the variation in the electrolyte concentration and in
the potential are not considered. Figure 1.8 illustrates schematic diagram of the SPM [149],
The main governing equations of the SPM are the solid-state concentration and Butler-

Volmer Kinetics equations at both the positive and negative electrodes.

Owing to the simplicity of the (SPM), it the frequently used as the basis for physics-
based degradation models. The formation and growth of the SEI at the anode usually forms
the central hypothesis in many previously developed capacity fade models [155:157.159-163]
Laresgoiti et al. [163] use the SPM as the basis to model the break and repair of the SEI as the
primary cause for capacity fade in Li-ion cells. Other examples of SPM-based degradation
models, are reported by Pinson and Bazant [162] Christensen and Newman [160] Pradaet al.
[164] ‘and Prasad and Rahn [165], Deshpande et al. [*4] proposed a mathematical mode to
describe the Li loss caused by couple chemical and mechanical degradation (a crack

propagation model driven by diffusion induced stress and subsequent Li-consuming
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passivation reactions over new crack surfaces) for capacity loss prediction. A general
drawback of using the SPM as a basis for degradation models is that the SPM does not
account for non-uniformities in electrolyte composition within the pores of the electrode or
separator, or ohmic losses resulting from electronic conduction in the solid part of the
electrode. The neglect of liquid diffusion and solid-phase conductivity limits validity of the

SPM to currents below 1C [166],

1.4.2.1 Simplified models

The simulated concentration profiles of the electrolyte via a P2D model at different
discharge rates [36] suggests that, the electrolyte properties can be assumed constant at low
current rates. Hence, the SPM is a preferred choice for simulating the electrochemical
performance at low C-rates. However, at a higher C-rate, the changes in the simulated
electrolyte concentration is significant and requires a more accurate and computationally
viable model. To ensure the safety of electric vehicles, the Li ion battery pack should be
monitored by a BMS, which rely on fast and accurate prediction models. BMS usually
depends on simple empirical models [1671, which are fast but cannot predict battery-aging
parameters as it ages. In view of this, the simplified P2D models are developed to
compensate for the drawbacks of the two electrochemical-based models and empirical
models. The simplified P2D models are mostly based one-dimensional polynomial profiles
for the electrolyte properties. These simplified P2D models are developed mainly for
applications in control, on-line monitoring, optimization, parameter estimation, and age
prediction. Due to the use of physical-based equations, simplified P2D models are more

accurate and suitable for parameter estimation and age prediction of Li-ion cells [149],
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Wang et al. [168] adopted a polynomial profile to simulate the solid-state concentration
function in P2D model. Their model predicts both the battery and the fuel cells behavior.
Using a similar approach, Subramanian et al. [169.1701 proposed a simplified model, known as
the Parabolic Profile approximation (PP), for Li-ion batteries. In the PP model, the solid
concentration equation of the P2D model is simplified by assuming a solid concentration
polynomial profile. This assumption allows the reduction of Partial Differential Equations
(PDEs) to simpler Differential Algebraic Equations (DAESs). The accuracy of the PP model
depends on the order of the polynomial approximation. Cai et al.[x71] proposed a simplified
Li-ion battery model using a Proper Orthogonal Decomposition (POD). In this model, the
number of equations is reasonably reduced and so is the computational time. The predictions
of the POD model show excellent agreement with that of the P2D model up to 20C discharge
rates. However, it is necessary to rely on experimental data to run the POD model and it
does not work well for real time applications. Several simplified models have been
developed to reduce the computational time by reducing the PDEs and Buttler VVolmer

equation in the P2D and for accurate online LIBs capacity fading predictions [172-175],

1.5 Focus and objectives

From the above literature review, it can be inferred that, to successfully implement high
energy density active materials into LIBs, there is the need to understand their capacity-
fading mechanisms and address each mechanism cautiously. The use of sophisticated
experimental analysis via post-mortem studies is very beneficial in outlining the various

capacity fading mechanisms after cell degradation has occurred. To adopt these methods to

analyze the capacity fade mechanisms during cycling will involve an extensive amount of
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resources since individual cells would have to be used for each cycle. However, the use of
battery performance-based analysis is quite convenient, non-destructive, and less expensive
to analyze the capacity-fading mechanisms during cycling. Nevertheless, a combination of
the two will provide a vivid understanding of the various mechanisms at different cell

operations especially at the end of the cycling process.

In addition, mathematical models are required to describe the various capacity-fading
mechanisms and predict the effect of cell designs and operating conditions on the capacity
fade models is effective only at low current rate; however, cell degradation mechanisms
such as particle cracking which is famous in high energy density active material are
accelerated and predominant at high current rate. Thus, for high current rate application and
to study the effect of the electrolyte on the capacity retention of LI1Bs, one must apply the
P2D models as the basis for capacity fade modeling. This brings us to the main objectives
of this work. To use a model parameter estimation capacity fade analysis method to unveil
the capacity-fading mechanisms of spinel-based cathode materials, and silicon-based anode

materials for LIBs.

1. To develop a physics-based capacity fade model and incorporated into the P2D
model to describe the long-term cycle performance of spinel-based cathode
materials, and silicon-based anode materials for LIBs.

2. To usethe developed physics-based capacity fade modelfor the spinel-based cathode
to devise a time effective accelerated capacity fade analysis framework for LIBs.

3. To employ the physics-based model for the silicon-based anodeto describe the effect

of adhesive strength on the long-term cycle performance of LIBs.
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1.6 Outline

This thesis consists of eight chapters. The above literature review constitute Chapter 1
Chapter 2 to 7 is the main body of the thesis and each chapter is structured into an
introductionand sections describing model development, experiments, methodology, results
and discussions, and conclusions. In chapter 2 to 4, our focus will be on the cathode active

materials while in chapter 5 to 7, we will focus on the anode active material

Chapter 2 presents a non-destructive capacity-fading analysis method, which involves
the use of a parameter estimation technique to monitor parameters that changes with cycling
in a physics-based model to unveil the capacity-fading mechanisms in a spinel-based

cathode and graphite anode Li-ion cell at different operating conditions.

Chapter 3 involves the development of a physico-chemical capacity fade model (PCM)
to describe the various capacity-fading mechanisms identified in Chapter 2. PCMs are also
physics-based capacity fade model since they consider two or more degradation
mechanisms. The PCM is coupled with a P2D model to predict and quantify the various
degradation mechanisms of the spinel-based cathode and graphite anode Li-ion cell

considered in this work.

Chapter 4 demonstrates the application of the developed PCM in combination with the
P2D model to propose a time-effective accelerated cycling aging analysis framework based

on time-temperature superposition for LIBs.

Chapter 5 shows an extension of the non-destructive capacity-fading analysis method
used in Chapter 2 to Si-based anodes to identify the degradation mechanisms, and to study
the effect of a polydopamine interlayer on the long-term cycle performance of Si-based

anode LIBs.
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Chapter 6 involves the development of a coupled chemo-mechanical degradation model
to describe the capacity-fading mechanisms of Si-based anode with different adhesion
strength between the copper current collector and composite silicon electrode identified in
chapter 5. The developed model is used to study the design parameters of an adhesive

interlayer on the cycling performance of the Si-based LIBs.

Chapter 7 deals with the application of the development of a coupled chemo-mechanical
model to evaluate the effects of the adhesion strength on the electrochemical performance
of Si-based LIBs. Inaddition, the developed model will be used to investigate the effects of
adhesion strength and various cell design parameters on the specific capacity of the Si-based

Li-ion cells. The influence of the intrinsic properties and design parameters of the thin film

polydopmine interlayer on the cycle performance will also be studied in the Chapter.

Overall conclusions and suggested future work are presented in Chapter 8.



Chapter 2

Capacity fade analysis of spinel-based cathode materials

2.1 Introduction

Over the past decade, spinel LiMn204 has gained an immense attentionowing to its excellent
qualities as a cathode material, including low cost, high safety, a high discharge voltage
plateau (~4.0 V vs Li/Li*) and facile production. In addition, spinel LiMn2O4does not
contain cobalt, which makes it an environmentally friendly active material. The profound
qualities of spinel LiMn204makes it a suitable candidate for EVsand hybrid electric vehicle
(HEVs) applications. However, spinel LiMn204 suffers from a fatal capacity fade upon
prolong cycling and extended storage at higher temperatures over 55 °C, particularly when

graphite is used as the negative electrode [176.177]

In the quest to improving the electrochemical performance of the spinel, LiMn204
cathode material, an intensive effort has been utilized in identify and control the factors
responsible for the fatal capacity fading [178-1801 So far, apart from the common capacity
fading mechanisms in LIBs such as the formation of SEI at the anode, additional
mechanisms have been discovered for the spinel LiMn204. These mechanisms include the
dissolution of the LiMn20O4 active material via Mn3* disproportionation reaction to form a
more stable Mn(1V) and soluble Mn2* species [18%] and decomposition of the electrolyte via
an oxidation process to form the cathode electrolyte interphase (CEI) 1811, Inaddition, the
catalytic formation of SEI on the graphite anode by the reduced Mn nanoparticles is

considered as the most critical mechanism that leads to capacity fading in this cell system

[151,182,183]
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All these capacity-fading mechanisms of the spinel LiMn204 were identified via a
destructive and expensive method. Identification of capacity-fading mechanisms via a non-
destructive method remains a great challenge for Li-ion battery management systems.
Nevertheless, some authors have tried to utilize this method to describe the degradation

mechanisms of LIBs of different cell compositions

Zhang et al.['29] conducted a capacity fade analysis on a Li ion cell comprising
LiNiCoO: cathode and a carbon anode using a physics-based single particle model. The
authors postulated that, the capacity fade of LIBs due to SEI formation and loss of cathode
active material can be studied via the changes of three physics-based model parameters

namely, theinitial SOCs for the cathodeand anode (X, and X, ) and the volume fraction

of the cathode (&, ). However, the effect of temperature was not considered because single

Epos
particle physics-based model cannot account for electrolyte decomposition at high
temperatures. Lam et al. [184] also adopted a physics-based P2D model to analyze the effect
of discharge current density on the degradation mechanism of a generic Li-ion battery. The
cycle performance of the cells were described by the fluctuation in the identified three

parameters (the initial SOCs for the cathode and the negative electrode (X, and X, ;) and

the volume fraction of the cathode (&,..)) as cycling proceeds. These two authors did not

gpos
consider theeffect of temperature on their analysis. To the best of our knowledge, there have
been no reports on the analysis of capacity fade at different temperatures based on the

changes in the initial state of charge (SOCs) of the cathode and anode ( Xy, and X, ), and
the volume fraction of the cathode (&,,) which are known to change with cycling for the

LiMn204/graphite cell. Hence, in this Chapter, we will conduct a capacity fade analysis of

LiMn20Oa4/graphite cell via the changes in the initial SOCs for the cathode and anode
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(Xop0s @Nd X;,,.,) @nd the volume fraction of the cathode (¢,,) using a physics-based P2D

gpos
model at 25 and 60°C. The P2D model accounts for the variations electrolyte concentration
while the single particle model does not, which makes it a better option for capacity analysis

at different temperatures and current rates.

The capacity-fading mechanisms identified in the Chapter forms the basis for the
capacity fade model developed in Chapter 3, which can be used to quantify and predict the

capacity-fading mechanisms.

A large part of the work presented in this chapter was published in [185],

2.2 Experiment

The experimental discharge capacity retention at 25 and 60 °C for a 2032 coin-type Li ion
cell comprising LiMn204 as the cathode and artificial graphite as the anode is presented in
Figure 2.1. We used a polyethylene separator (ND420, Asahi Kasei E-Materials, Japan) and
a liquid electrolyte consisting of 1.15 M LiPFe in an ethylene carbonate and ethylmethyl
carbonate mixture (3/7, viv, ENCHEM, Korea). The mass composition of the cathode was
90 wt% LiMn204 (lljin Materials, Korea), 5 wt% electric conductor (Super P Li®, Imerys,
Belgium) and 5 wt% poly(vinylidene fluoride) (PVdF, KF-1300, Kureha, Japan) as a binder.
N-methyl pyrrolidone (NMP, Sigma Aldrich, USA) was used as the solvent for electrode
slurry. The anode composition was 95 wt% artificial graphite (Showa Denko, Japan), 1wt%
electric conductor (Super P Li®, Imerys, Belgium), 4 wt% PVdF (Solef6020, Solvay,
France). The cycling performance of the cells were conducted at 1C charge/discharge and a

lower and upper cut-off voltage of 3.0 and 4.2 V, respectively.
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Figure 2.1. The experimental discharge capacity retention of LiMn20Oa/graphite cells as a

function of number of cycles at 25 and 60 °C. The cells were cycled at 1C and an upper and

lower cut of 3.0 and 4.2V

2.3 Results and discussion

2.3.1 Parameter Estimation

To evaluate the parameters that changes with cycling, we compared the experimental voltage
profiles obtained from the 2032 coin-type cells at 25 and 60 °C to those from the P2D model
predictions at selected cycle numbers. The outcome of the comparison at 25 and 60 °C are
shown in Figure 2.2a and 2.2b, respectively. The model predictions were made with the
parameters in Table 2.1. The correlation between the experimental voltage profiles and those

of the physics-based model predictions are quite high. This is evidenced by the lower

estimated standard deviation as shown in Figure 2.2.
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Figure 2.2. Comparison of experimental discharge profiles and model-prediction for 1%,

100t, 200t, 300th and 400t at () 25 °C and (b) 60 °C.

Table 2.1. Design parameters, electrode specific parameters, and other constants used in this

study.
Design parameters LiyMn204 LixCs
Electrode thickness, pm @ 36 43
Volume fraction electrolyte 2 0.33 0.37
Maximum solid phase concentration, mol m=2 23230 27362
Initial SOC of the electrode 0.45 0.58
Volume fraction of active material 0.559 0.566
Reaction rate constant, mol m=2s ¢ 3.94 x 1011 3x 1011
Density g/cm3 b 4.2 2.2
Matrix conductivity, S/m © 10 100
Separator thickness, pm 2 20
Separator porosity 2 0.41
Initial salt concentration, M @ 1.15
Diffusion coefficient, m?/s ¢ 398 x 107" 1.14x 10714
Particle radius, pm @ 6.6 10.5

2 Value setin cell design
b Parameters based on literature value 24!
¢ Parameters not based on literature value

The high correlation between the experimental voltage profiles and the physics-based

model predictions at the two temperatures in Figure 2.2 were achieved by using a non-linear
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least square method to estimate the three parameters considered to change with capacity fade
in this study. These parameters are the initial SOCs for the positive and negative electrode (

Xopos AN Xy, ) at the beginning of charging and the volume fraction of the cathode (&,).

The changes in the parameters changing with cycling at 25 and 60 °C is illustrated in Figure

2.3. The volume fraction of the cathode (¢,,) decreased with cycling with the rate of
decrease being higher at 60 °C (Figure 2.3a). Also, the initial SOC for the cathode (X, )

increased with cycling for the two temperatures (Figure 2.3b). The rate of increase was rapid
at 60 °C. On the other hand, a different trend was observed for initial SOC for the anode (

Xoneg)» thatis, it changed with cycling at 25 °C but it did not show any significant changes

at 60 °C. Figure 2.3 demonstrates that, during cycling, both the cathode and anode become

frequently less charged at 25 °C while at 60 °C, only the cathode becomes less charged.
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Figure 2.3. The relative changes in (a) volume fraction of the active material of the cathode,
(b) initial SOC of the cathode and (c) initial SOC of the negative electrode, with cycling at

25 and 60 °C.
The predicted SOCs for the cathode and anode at the end of discharge (EOD) (X,,and

Xg) @nd, at 25 and 60 °C are shown in Figure 2.4a and 2.4b respectively. At 25 °C (Figure

2.4a), the anode becomes less discharged while the cathode shows no relevant changes at

the EOD ( X, increases while x,,; remains constant). The SOC of the cathode remained

constant at ca. 0.98, stipulating that the cathode is almost completely intercalated. A similar
pattern was observed in the intercalation of the negative electrode of the cells cycled at 60
°C (Figure 2.4b), however, unlike the intercalation pattern in the cathode at 25 °C, that at 60

°C became less intercalated (X, decreases). In addition, the rate at which the negative

electrode becomes less discharged at the EOD is more severe at 60 °C thanat 25 °C. A detalil

discourse of the difference in the patterns at the two temperatures are given in section 2.3.3.
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Figure 2.4. Predicted SOC at the EOD at (a) 25 °C and (b) 60 °C, using the parameters

presented in Figure 2.3.

2.3.2 Model prediction

We fitted the model parameters to the quadratic equations presented in Table 2.2. The initial

SOC for the negative electrode at 60 °C (X,,) was not included in Table 2.2 because it did

not change with cycling. The various fitting parameters of the equation presented in Table
2.2 were obtained using the curve-fitting tool in MATLAB. The parameters extrapolated
from the model equations are depicted in Figure 2.5. The parameter extrapolation was made
based on the assumption that; the capacity fading mechanism is not altered during the

duration of our prediction.

Table 2.2. Mathematical expression used for the extrapolation in Figure 2.5

Parameters Expression a b C
€ s, 25°C ax® +c —-1.005x10™ 1.000 1.000

X0 pos 25°C ax’ +c 1.338x102 0.4142 0.9892
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X, . ax® +c —9.526x10™ 0.6694 1.001
,neg, 25°C
& ax® +c —-1.005x10™ 0.796 1.006
pos, 60 °C
XS oo ax’ +c 5.81x1073 0.6557 0.9986
, pos, 60°C
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Figure 2.5. Extrapolation of the model parameters presented in Figure 2.3. The mathematical

expressions used for the extrapolation are presented in Table 2.2.

The extrapolated model parameters in Figure 2.5 were used to predict the discharge
capacity retention as a function of cycle number at 25 and 60 °C. The model predictions of
the discharge capacity retention for 1000 cycles at the 25 and 60 °C are shown in Figure 2.6.
The experimental discharge capacity retention for 400 cycles were compared with the model

prediction at 25 and 60 °C and are also shown in Figure 2.6a and 2.6b, respectively. There
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was a good agreement between the experimental data and the model predictions. A
prediction of the discharge capacity retention by an empirical model (Table 2.3) at 25 and
60 °C have also been demonstrated in Figure 2.6. At 25 °C, the predicted discharge capacity
retention by the physics-based model at the end of the 1000™ cycle was quite higher than
that predicted by the empirical based model. This is in contrast to the previous report made
by Zhang et al. [1291when they compared a single-particle physics-based model prediction
of discharge capacity of a1l Ah LiNiCoOz/carbon Li ion cell to that of an empirical equation
at 25 °C. This contrast can be attributed to the different cell designs and the active material
of the cathode employed in the two studies. A similar trend was also observed at 60 °C in
Figure 2.6b. For the empirical equation prediction, the cell completely died before it got to

the 700t cycle, while for the physics-based model, the cell lasted to ca. 900t cycle.
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T=250C T=60°C
g 80 T T g 80
c - TT==ITTT c
il o= il
E 60 | E 60 |
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Figure 2.6. Discharge capacity retention as a function of number of cycles predicted by the
physics-based model and empirical model at (a) 25 and (b) 60 °C. The empirical model

predicted a fast decay of the capacity at both temperatures.
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Table 2.3. Empirical model expressions

Temperature Model A B C D
25°C Ax® +Cx+D -3.676 0.1801 —0.02398 103.3
60 °'C Ax® +Cx+D -1.434 0.7124 0.07247 100.5

Figure 2.7 shows the predicted SOCs of the cathode and anode at the EOD using the

estimated model parameters. The predicted SOC of the cathode at the EOD at 25 °C (Figure

2.7a) remained unchanged, which is like that observed in the first 400 cycles in Figure 2.4.

That of the anode also continued to increase until the 1000" cycle. Increasing the

temperature to 60 °C in Fig 2.7b accelerated the rate at which the SOC of the negative anode

at the EOD increased (less discharged). The SOC of the cathode at the EOD also begun to

decrease (less intercalated) until the 800™ cycle where it remained constant. The detailed

analysis of the capacity fade of the LiMn20a4/graphite cells at 25 and 60 °C based on the

information derived by using the physics-based model will be presented in the following

section.
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Figure 2.7. The predicted SOCs for the positive and negative electrode at the EOD using the
extrapolated model parameters presented in Figure 2.5. The symbols show the SOC at the

EOD in Figure 2.4.
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2.3.3 Analysis of capacity fade

From the results presented in the previous section, it is clearly seen that, temperature has a
profound effect on the capacity-fading mechanism of the LiMn2Oa/graphite cells. The

phenomenon constituting these changes are discussed in this section.

The study conducted on the variation of the parameters with cycling indicates that the

volume fraction of the active material in the cathode (gms) decreases as cycling proceeds with

the rate of decrease being accelerated at a higher temperature (see Figure 2.3). This
postulates that, the cathode losses some of the active material during cycling and the loss is
high at higher temperatures. For the, LiMn20Oa/graphite cells, the loss of active material has
been attributed to the dissolution of the Mn2* due to the disproportionation reaction of Mn3*
into soluble Mn?* species and stable Mn** species [31-33]. Experimentally, it has been
reported that, increasing the temperature increases the rate of Mn dissolution in the cathode
resulting in a fatal capacity decay of the cells [176.186.187] Hence, the results obtained in our
parameter estimation analysis of the capacity fade at the two given temperatures are in line

with that of previously reported experimental results.

Inaddition, there have been several previous reports on the occurrence of side reactions
on the negative graphite electrode during charging process [188.189] These side reactions are
known to consume Li ions giving rise to the formation of SEI on the surface of the anode.
In this study, the loss of the Li ions can be envisioned in the variation of the both the initial
SOCs and that at the EOD of the cathode and anode. Owing to the relatively high rate of
SEI formation on just produced cells, the loss of Li ions to the formation of SEI controls the
capacity fade during the first few cycles (pre-cycling) 1891, However, the capacity fade

analysis in this study was conducted after the pre-cycling stage; hence, the quantitative
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estimation of the Li ions loss to the SEI formation during the first stage was not done.

Nevertheless, during the entire cycling at 25 °C, the SOC of the cathode (Xpos) did not change.

Notwithstanding, the anode became increasingly less de-intercalated at the EOD. That is,
there is a progressive deposition of Li ions in the graphite negative electrode that cannot be
intercalated back into the cathode. In addition, the residual capacity of the cathode decreases
as the volume fraction of the active material reduces. Here the cathode is the limiting
electrode because it is almost completely discharged at EOD, causing the cell to reach the

lower cut-off voltage.

The capacity-fading mechanism at 60 °C is slightly different from that at 25 °C. That is,
there was a continuous trapping of Li ions in the anode, which occurred at a rapid rate
throughout the entire cycling (rapid increase in in Figure 2.7b). In addition to that, the
cathodewas progressively less intercalated at the EOD, resulting in a decreasing of the SOC

of the cathode (x ) at the EOD. However, the initial SOC of the anode (x, ) remained

constant. This is due to the rapid reduction in the holding capacity of the cathode as the
cathode loses more active material. In return, more usable Li ions are accumulated inside
the negative electrode, casing fatal capacity decay. Thus, the loss of Li ions, which leads to

a sudden increase in the SOC of the anode ( Xneg) at EOD, is not only due to SEI formation,

but also due to a significant reduction in the holding capacity of the cathode. This makes it
impossible for the intercalated Li ions into the anode to de-intercalate back into the cathode.

This is supported by the negligible changes in the initial SOC of the anode ( x,,., )-

Experimentally, it has been reported that, at elevated temperatures, the dissolved Mn2*
migrate through the separator to the graphite where they are reduced to metallic Mn

nanoparticles. The Mn nanoparticles act as catalyst perpetuating the rapid decomposition of
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the electrolyte to form the SEI on the surface of the negative electrode during cycling [182,
The formation of the SEI leads to a continuous trapping of the usable Li ions resulting in a
drastic capacity decay [183], This is evidenced in the reduction of the SOC of the cathode as
observed in Fig 2.7b. At the last 200 cycles, the capacity mechanism at 60 °C slightly
changes. The rate of Li ion trapping due to SEI formation continuously increased with

cycling and the cathode became the limiting electrode(xms remained constant).

2.4 Conclusion

The capacity fading characteristics of a LiMn2Oa4/graphite Li ion cells was analyzed by
fitting the model predictions of a physics based P2D model to experimental discharge
profiles obtained from cycling Li ion cells at 25 and 60 °C. The parameters that changed
with cycling were estimated using a nonlinear least square technique. The analysis
conducted on the experimental discharge profiles showed that, the capacity fading
mechanism of the LiMn2Oa/graphite Li ion cells were affected by temperature. The major
capacity fading mechanism observed based on our parameter estimation analysis is the
trapping of the cyclable Li ions into the SEI on the anode and reduction in the volume
fraction of the active material in the cathode. At 25 °C, the dominant capacity fading
mechanisms was the formation of the SEI layer with a small reduction in the active material
of the cathode. The cathode was the limiting electrode at 25 °C. At 60 °C, the reduction in
the volume fraction of the active material occurred at a rapid rate and the cathode became
less intercalated at the end of discharge. There was also a rapid trapping of Li ions to the
formation of the SEI due to the presence of the Mn nanoparticles at the graphite negative

electrode.



Chapter 3

A capacity fade model for spinel-based cathode materials

3.1 Introduction

The capacity fade in spinel LiMn204 is known to accelerate with the cycling and temperature
due to the successive increase in the rate of Mn?* dissolution which is notably high at the
delithiated state (at >4.1 V vs. Li/Li*) where the electrochemical oxidation of the solvent is
also significant [1901, Further studies have revealed that Mn dissolution accounts for only
23% and 34% of total capacity fade at 25 °C and 55 °C respectively, which suggests that the
capacity fading during cycling is caused by not only simple Mn dissolution but also

structural change and decomposition of the electrolyte [180.191],

The dissolution of Mn2* is via the disproportionation reaction of Mn3* [151] as mentioned
in Chapter 1. Park et al. [152 devised a mathematical model to describe the degradation of
spinel LiMn204 based on this mechanism. The authors postulated that the dissolution of
Mn?2* leads to changes in the effective transport properties, which play a critical role in
capacity, fade. Similarly, Cai et al. [153] developed an advanced P2D thermal model based
on the Mn3* disproportionation reaction. The model accounted for changes in volume,
radius, and porosity in the cathode and in the film resistance due to the Mn3*
disproportionation reaction. Dai et al. [154] also developed a model to describe the capacity
fade in the spinel LiMn204 electrode. Therein the Mn?* dissolution was described an acidic
attack on the active material and the formation of SEI on the LiMn20O4 particle surface. All
above capacity-fade models utilize a half-cell for their model validation. Although half-cell

studies are useful and provide
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valuable information about the electrochemical characteristics of the electrode material, they
do not provide actual estimates of capacity fade for practical applications. In addition, the
dissolved Mn?* is knownto be reduced at the graphite electrode, which contribute to capacity
decay. Thus, to fully understand and model the capacity fade of spinel LiMn204, their effect

on the anode must be taken into consideration.

In this Chapter, we present a comprehensive capacity fade model (physico-chemical
model) that accounts for SEI formation and dissolution in the anode, for dissolution of the
LiMn204 cathode, for the effect of the reduced Mn nanoparticles on the SEI at the anode,
and for the formation of a cathode-electrolyte interphase (CEI) layer on the cathode. A
decrease in the Li-ion diffusion coefficient in the cathode as result of Mn?* dissolution is
added as a factor that causes capacity fade. The effect of temperature on the capacity fade
parameters and chemical reactions are included in this model via an Arrhenius-type
dependence of the rate constants and apparent diffusion coefficient. The P2D model is used
as the basis for this capacity fade model and the model is solved in the battery module of

COMSOL Multiphysics.

A large part of the work presented in this chapter was published in [1°21and was presented
at the 2016 Pacific Rim Meeting on Electrochemical and Solid-state Science (PRIME) in

Honolulu, Hawaii, USA.
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3.2. Model development

The major reactions responsible for the capacity fade in this model are the disproportionation
reaction of Mn3* in the cathode, the solvent oxidation in the cathode, the formation and
dissolution of SEI in the anode, and solvent and ion reductions at the anode. These side

reactions have already been discussed extensively in previous work [152.178.189,190]

3.2.1 Modeling of Mn?* dissolution in the cathode

The Mn2* dissolution at the cathode into the electrolyte is assumed to occur according to the

following disproportionation reaction of Mn3+ [178.190]:
2Mn* o —Mn* g +Mn* [3.1]

The rate of dissolution is proposed to be a function of time and is expressed as [151]

[1—(1— xa)ﬂ:kot, 3.2]

where ko is the reaction rate constant (s'1), and Xa is the dissolution reaction shown in Eqn.

[3.3] and is defined as

_ 2x(Amount of Mn(ll) ions in the electrolyte)

= —— - . 3.3
* Amount of Mn(lll) ions in the spinel cathode 13:3]
The reaction rate constant is defined by
E
k=k,exp| —=2 |. :
ks p[ RT) [3.4]

From Eq. [3.3], the decrease in volume due to Mn2* dissolution can be derived as
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M3 X L1
ME T MO =M 13:3]

where M;®*, Mq®* and M¢** are the molar mass of the initial Mn3*, the dissolved Mn3* and
the remaining Mn** ions, respectively. The volume attime t can be evaluated from the molar
mass ratios of the Li*, Mn3*, Mn**and O?- ions and the atomic weight ratio (Mn/LiMn204 =

0.304) as follows:

X
V(t)=V, (1—0.152 < +1j, [3.6]

a
where V;j is the initial volume. The changes in in the volume fraction of the cathode active

material (8active) and the inert material (8inen) Is estimated by assuming the loss in volume

fraction is compensated by an increase in the inert volume as follows:

i Xa
Enctive.p = Eactive,p [1—0.152 X+ :J, [3.7]
Xa

N | i
‘9'nert - ginert + gactive 0152

[3.8]

X +1

a

where g;dwe and Eiinen are the initial volume fractions of the cathode active material and the

inert material, respectively. Relative changes in the volume fraction in each phase results in
a decrease in the specific area, the effective conductivity (i.e., an increase in effective
resistance), and the diffusivity in the cathode. The specific surface area of the as; electrode

can be expressed as

3‘("active
—ade [3.9]

a; = R



3.2 Model development 52

where Rs is the radius of the solid particles in the electrodes. By combining Eq. [3.7] and

[3.9], the decrease in the specific surface are can be expressed as

asp:%@_o.gz X j [3.10]
, R, X, +1

a

The increase in the effective resistance due to the presence of the inactive Mn** in the

cathode can be expressed as

ff _
J:,p _(gactive,p

)1‘5 oy, [3.11]

The Li-ion diffusion coefficient in the cathode changes due to the dissolution of the
cathode active material. An empirical relation similar to those reported in previous work

describes the decrease of the Li-ion diffusion coefficient in the cathode [154.193] 35

i n
D = Di 1— gactive,p _‘9active,p 1 [312]
>P > 8zlactive,p

where Ds) is the initial solid phase diffusion coefficient, n is an empirical factor that
represents the effect of the formation of SEI on the Li-ion diffusion coefficient that can be

determined from experiments.

3.2.2 Modeling of CEI formation in the cathode

Electrolyte oxidation is recognized as the major source of film formation on the cathode.
The process could successively be driven by the reduction of unstable M*#* ions present in
the active electrode material [40]. This effect was clearly identified in cells with LiMn204
positive active material where corrosion leads to dissolution of Mn2* ions into the electrolyte

and to subsequent electrolyte oxidation, which produces insoluble products [1941, The
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mechanism for electrolyte oxidation is assumed to be described by the following oxidation

reaction [1951:

xidation, K ;

S5 S +H' +e, [3.13]

where S is the solvent, and S: is the overall polymer/polycarbonate products of the solvent
oxidation that form the CEI in the cathode. The rate of the solvent oxidation reaction, Rsz,
is assumed to be a first orderreaction with respect to the solvent concentration at the cathode,

Csp, and is expressed as
Rsi= kS,lcs,p . [3.14]

We assume that the film/electrolyte interphase is stationary during the formation of the
SEI on the cathode and that the electrode/film interphase is a moving boundary. The total
material balance on the solvent can then be expressed as

Csp_p FCsy
ot S,p 622

= kS,1CS,p! [3.15]

where Dsp is the solvent diffusivity through the SEI layer.

The boundary conditions for egn. [3.15] at the film/electrolyte interphase and the

electrode/film interphase at the cathode are given by

Cy,=Cyoatz=0, [3.16]

Csp=Csoe ™ atz=L,(t). [3.17]
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3.2.3 Modeling of the SEI and Mn side reactions at the anode

Since the electrolyte used in the reaction is an ethylene carbonate/ethyl methyl carbonate
mixture (EC/EMC) with LiPFs, we assume that the product, which forms the SEI layer, is
Li2COgz and that the growth of the SEI layer is one-dimensional. We also assume that the
solvent species generated from the dissolution reaction at the film/electrode interphase
diffuses back to the electrode/film interphase and reacts with Li ions to form the SEI layer.

The formation and dissolution of SEI at the anode can be expressed as

S+2Lit +2e —f2 sP4E, [3.18]
P+E—2 5S42Lit +2e, [3.19]

where P and E are the Li carbonate (Li2COs) and ethylene (C2H4) products formed due to

the solvent reduction reaction at the anode, respectively.

The dissolved Mn?* ions are expected to be transported by diffusion and migration
through a thin separator to be deposited at the anode where they are easily reduced due to
the higher redox potential of Mn/Mn2* (1.87 V vs. Li/Li*) compared to the Li intercalation
into graphite (< 0.3V vs. Li/Li*). Simultaneously, the drastic decomposition of the

electrolyte with Mn metal results in a remarkable capacity loss of the cell [33]. The overall

reaction can be expressed as
S+Mn* +2e—4 S +Mn, [3.20]

where Sp denotes the products (e.g. organic manganese compounds) formed from the
decomposition of the electrolyte with Mn nanoparticles. Assuming the rate of SEI formation
and dissolution and the rate of solvent decomposition with the Mn metal are all first-order

reactions with respect to the concentrations of their reactants, the total rate of solvent
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decomposition to form SEI and organic manganese compounds at the anode can be

expressed as

Rs2 =Ks Csn + kls,4Cs,nCMn2+ _k:c,,sc Ce, [3.21]

p

where ks2, ks 3,and ks, 4 are the rate constants for the SEI formation, its dissolution, and the

Mn?2*side reaction with the SEI at the anode, respectively, and Cs, Cp, Ce and CMnz+ are the

concentrations of the solvent at the anode, the Li carbonate products, the ethylene products,

and Mn2* ions, respectively.

Assuming that the electrode/film interphase is the moving boundary in the SEI layer

formation at the anode and that the film/electrolyte interphase is stationary, the total material

balance of the solvent species can be expressed as

2
oCs, D, o c;n
a " a

= kS,ZCS,n + kIs,4Cs,nC - kIS,SCpCe : [3.22]

Mn 2+

The concentrations of ethylene and Mn?* ions are assumed to be constant, so we can

write Ks3 =kssC,, and Ks 4 =Ks ,C,, ... Atany point in time t,

Mn?*
C;,, +C, =constant = G,. [3.23]
Hence, equation [3.22] can be simplified to

i, . &C,
& Do

=Csn (ks,z +ks,3+ks,4)_ks,3cs,o- [3.24]

The boundary conditions for egn. [3.24] at the film/electrolyte interphase and the

electrode/film interphase at the anode are given by

C,, =Cs, atz=0, [3.25]
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C. k B C.k
C. =C e—(k5,2+k5,3+k5,4)t _ 50754 e (ksathsgths o)t + 5.075.4 a z= L(t)
S,p = 5,0 (k5,2+ks,3+ks,4) (ks,2+ks,3+k5,4)

[3.26]

The fractional amount of Liions consumed during the formation of SEI at the anode and

cathode, Xsel,i, can be expressed as

Cso—Cs;
Xser i (1) = % x100 [3.27]

S.0

The thickness of the SEI film on the electrode can be calculated using the expression

proposed by Sankarasubramanian and Krishnamurthy [2%] and given by

Xsgy (t) N,
L, (t) = A~ A [3.28]
Z,C.A
where No, Zp, Cp, and Ai are the initial number of moles of Li ions in the electrolyte, the
stoichiometric coefficient of Li in the solvent oxidation and reduction reactions at the

cathodeand anode, the concentration of Liions in the oxidation and reduction reactions, and

the area of the electrodes, respectively.

Since the SEI film grows as the formation reactions at the anode and cathode and the
electrolyte decomposition reactions occur, the resistance of the SEI film increases. Thus, we
introduce a variable, Ryiim, to represent the resistance in the cathode and anode. We assume

that the film resistance is a function of xsg i as follows:

Riim = Riimo + Rsg (t) , [3.29]
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where Rriim,0 is the initial film resistance of the SEI layer formed during the formation period,

and Rser is the additional SEI layer formed during cycling and is defined as

R (1) b [3.30]

where K is the conductivity of SEI material formed on the cathode and anode.

The SEI film resistance also affectsthe surface reactions on the electrode. Hence, we modify

the Butler-Volmer equation, which describes the surface reaction, to include the SEI film
resistance by subtracting the effect of the SEI from the overall potential (77) , defined as the

potential difference between the cathode and the anode minus the equilibrium potential as

follows:
n=8-& U, — junFRiim - [3.31]

where ¢, is the solid phase potential, ¢ is the solution phase potential, and Uo is the

equilibrium potential.

The developed model was incorporated in the P2D model described in Table 1.1. We
assume that the Mn3* disproportionation reaction (Eqg. 3.1) only occurs on the interface
between the cathode active spinel material and the electrolyte. The SEI formation and
dissolution reactions are assumed to occur on the electrode and electrolyte interfaces. All
the simulations were performed at low current where the temperature across the cell does
not change significantly at a given operating temperature. Hence, energy balance was not

included in this model.
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3.3. Parameter estimation

The numerical calculation of the model consists of two stages: the parameter extraction stage
and the model prediction stage. The parameter extraction stage involves the use of literature
values, experimentally determined values, values based on the cell design, and freely
varying, assumed values for some of the degradation parameters. The error between the
modeled and the experimental discharge profiles generated at 25 °C is estimated, and the
numerical values of the assumed capacity fade parameters are then iteratively optimized to
minimize this error. The Levenberg-Marquardt least squares regression method was
employed to confirm the uniqueness of the convergence of the capacity fade parameters.

Once the arbitrary capacity fade parameters are determined, the model then becomes

Table 3.1. Model parameters.

Parameter Value Parameter Value

Lp? 36x10° m To 298 K

L 20x10° m T 338K

Ln® 43x10° m lapp® 8.6 Am=
Rp® 6.5x10° m XoP 0.45

Rn? 10.5x10° m yoP 0.58

Dsp.o® 3.98x10™% m? s Ce,02 1150 mol m™
Ds,n® 1.14x10 m? st ap° 10Sm™
Bruggp® 15 on® 100S m™
Bruggs® 1.5 Ead 72.48 kJ mol™
Bruggn®© 15 Eak,pb 25 kJ mol™
£2,02 0.330 Eakn® 15 ki mol™
2.2 0.380 Ead,pP 1.2 kI mol™
2,6 0.410 Eadn® 5.5 kJ mol™
€1,p2 0.559 oa® 0.5

e1,n? 0.566 op® 0.5

Cs pmax’ 23230 mol m’® Liitm,p,0° 1.6x10° m
Cs,n,max’ 27362 mol m™ L film,n,09 450x10° m
R 8.314 Jmol™* K™ taC 0.37

F 96487 C equiv™* n® 0.045

Kp,0° 0.5x10™™ mol®® m?® st ks 2P 1.6x10%s?
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kn,0" 9.8x107 mol®® m?% st ks 5.4x107° s

ks,1° 4.6x10°% 5! ks4P 1.8x10°® s

E1P 20.8 kJ mol™ E4P 38.64 kJ mol™
E2P 38.64 kl mol™ Ds filmd 2.85x107% n?? st
Es® 14.405 k] mol ™ Kilm® 24x10* Sm*

a8 Parameter set in cell design

b Fitted parameter

¢ Obtained from COMSOL library

d parameters based on literature [152:197]

3.4. Results and discussion

To solve the capacity fade model and the P2D model, numerical simulations are performed
using COMSOL™ MULTIPHYSICS5.1. An interactive smart mesh is used to discretize
the three main domains using the Finite Element Method. The calculations are performed
with an Intel Core ™ i7 central processing unit running at 3.30 GHz with a random-access

memory of 16.1 GB.

The first set of simulations carried out to validate our model are the comparisons of the
cell voltage against the normalized capacity at 25°C and 60°C, and selected number of cycles
within a voltage range of 3.0 and 4.2 V as shown in Figure 3.1(a) and 3.1(c), respectively.
Numerical fitting and optimization are used to extract the fitting parameters in both cases,
and the best fits are shown in Figure 3.1(a) and 3.1(c). To quantify the deviation of the model
predictions from the experimental data, we calculated the standard deviation of the predicted
voltage profiles and the normalized capacities. The calculated average standard deviation
between the model predictions and experimental data for the voltage profiles are indicated
on Figures 3.1(a) and 3.1(c). The parameters used for the model predictions are listed in
Table 3.1. The experimental dataand model predictions for the capacity retention at 25 °C

and 60°C and their estimated standard deviations are also shown in Figures 3.1(b) and 3.1(d),
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respectively. The estimated standard deviations are quite small and reflect a high correlation

between the model predictions and the experimental data.
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Figure 3.1. Model best fit of experimental data for (a) discharge profiles and (b) capacity

retention for 400 cycles at an ambient temperature of 25 °C, for (c) discharge profiles and

(d) capacity retention for 400 cycles at an ambient temperature of 60 °C.

The correlation between the Li-ion diffusion coefficient constant in the cathode and the
number of cycles, and the change in the relative state of charge (SOC) with the number of

cycles in the anode at 25 °C and 60°C are shown in Figure 3.2a and 3.2b respectively. The

Li-ion diffusion coefficient constant decreased from 1.34><10'14 mZS'1 to
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5.36x10°%° m&s? at 250C and from 1.22x10°4 més? 1o 2.43x10%5 ms?t at 60°C

after 400 cycles. A decrease in the Li-ion diffusion coefficient constant increases
concentration polarization, which causes capacity loss in Li-ion battery. This effect is more
severe at the higher temperature due to the high rate of dissolution of Mn2* and to the
precipitation of the electrolyte-decomposed products in the cathode, resulting in the rapid
formation of the cathode electrolyte interphase (CEI). The formation of the CEI due to Mn
dissolution reaction and the precipitation of the electrolyte decomposition products retards
the transportation of Li ions and decreases the effective Li-ion diffusion coefficient constant.

The measured Li-ion diffusion coefficient constant in spinel LiMn204 as reported by Zhang

et al. [198] decreased from 9.65%10%* mPs? to 5.78x10* m’s 1 after 100 galvanostatic
cycles with a cut-off voltage range between 3.4 V and 4.4 V as inferred through Warburg
impedance analysis. Das et al. 1199 observed a similar phenomenon when they studied the
Kinetics of Liions diffusion in a LiMn204 thin film electrode using cyclic voltammetry and
potential step chronoamperometry measurements. They reported that a solid electrolyte

interface formed on the electrode and that this passive layer caused a decrease in the Li-ion

diffusion coefficient constant, which reduced the observed capacity.

The relative SOC decreases as the number of cycles increases in Figure 3.2b. The amount
of Liions available for cycling is consumed by the decomposition reaction of the electrolyte
to the form the SEI at the anode. After each cycle, the amount of Li ions decreases by a small
amount especially after the formation and the stability processes. Nevertheless, the loss rate
of usable Li ions becomes more pronounced after many cycles. The SOC was calculated

using the relation below.
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Figure 3.2. Correlation between (a) the Li ion diffusion coefficient constant in the cathode
and (b) the relative state of charge (SOC) in the anode as a function of number of cycles at

25 °C and 60°C.

Figure 3.3 shows the concentration profile of the solvent species at the film/electrode
interphase in both cathode and anode during 400 cycles at 25°C and 60°C. The concentration
of the solvent species decreases as the cycle number increases with a greater loss rate in the
anode. The greater loss rate of solvent in the anode can be attributed to the electrochemical
reduction of the Mn?* on the surface of the graphite, which was preceded by the critical
decomposition of electrolyte with Mn nanoparticles. Komaba et al. [290] reported the same
process experimentally when they investigated the Li-ion intercalation into graphite using a
graphite/Li half-cell with electrolyte containing Li and Mn salts in order to clarify their
influence on the carbon electrode using cyclic voltammetry. The authors suggested that the
presence of reduced Mn on the surface of the graphite could act as an organic catalyst that
accelerates the rate of electrolyte decomposition resulting in extreme capacity fading of the

cell. Ata higher temperature, this effect was more pronounced due to the high rate of Mn2*
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dissolution at the cathode coupled with a high rate of electrolyte decomposition with Mn

nanoparticles at the anode.
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Figure 3.3. Concentration profile of the solvent species at the film/electrode interphase for
both the cathode and the anode during 400 cycles at 25 °C and 60 °C and a voltage range of

3.04.2V.

The variation in the film resistance with the number of cycles in both the cathode and
the anode are presented in Figure 3.4(a) and 3.4(b), respectively. The film resistance
increases with an increase in cycle number. Higher film resistance is observed at a higher
temperature and higher cut-off potential due to the high rate of Mn?* dissolution. For the
higher cut-off voltage, the rate constant for Mn dissolution was increased by a factor of 1.3,
which was obtained by fitting the model prediction of the cycle performance to the
experimental data. The initial film resistance observed in the cathode and anode in Figure
4(a) and 4(b), respectively, are different because different initial thicknesses were adopted
based on the experimental values recorded after pre-cycling [201.202, The oxidation reaction
occurring at the cathode-electrolyte interface limits the cell performance by consuming

electrolyte continuously, which continuously increases the cathode SEI thickness as cycling
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proceeded. The rate at which the film resistance increases in the anode is observed to be
greater than that in the cathode. The rapid increase of the film resistance in the anode can be
attributed to the additional thickness of the SEI layer due to deposited Mn as reported

experimentally by Zhan et al. [182],

—_
QO
~
—_
(=)
S—

“g 6.0 — 7=25°C,V,,=[30,42V 1 g 80— T=25°,v,=[30,42V e
E:E, T=25°C, V,,=[3.0,45]V ) % T=25°C,V,, =[3.0,45]V
2 T=60°C, V,,=[30,42]V é’ T=60°C,V,,=[30,42]V //'
2401 o T=60°C v, =[30,45]V S 401 . T=60°C,V,,=30,45]V -
S L © s
- Pid (O] -7
[0 e o Prag
1] ’ c -
= ~ s /
$ 20t B 20 pommnz= -
4 3
& o | £
c | @ .- [
0.0 bommess - . 00 . . .
0 100 200 300 400 0 100 200 300 400
Number of Cycles Number of Cycles

Figure 3.4. Film resistance atthe end of the discharge vs. number of cycles in (a) the cathode
and (b) the anode at ambient temperatures of 25 °C and 60 °C and a voltage range of 3.0—

42 V.

Figure 3.5 shows the changes in the relative volume fraction of the active material in the
cathode with cycle number in four case studies. The relative volume fraction of the cathode
decreases as the number of cycles increases because of the dissolution of Mn2* from the
active material into the electrolyte. At an ambient temperature of 25°C, the relative volume
fraction of the cathode decreases slowly, indicating a slow rate of Mn2* dissolution, while
the relative volume fraction of the spinel cathode decreases rapidly at an ambient
temperature of 60°C, due to a high rate of Mn2* dissolution. Lei et al. [201] have already
reported the same effect in experiments where they studied the changes in SEI layer
thickness and LiMn204 electrode thickness upon cycling using in-situ spectroscopic

ellipsometry. From their study, they found that the LiMn2QO4 electrode thin film decreases
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linearly with cycle number. Similarly, as shown in Figure 3.5, the relative volume fraction
decreases rapidly when the cell is cycled at a large voltage range between 3.0 and 4.5 V
compared to when the cell is cycled at a relatively smaller voltage range between 3.0 and
4.2 V for a given ambient temperature. The acceleration of the decrease in volume fraction
can be attributed to the increase in the rate of Mn2* dissolution for the high voltage range

and to the difference in the operating time.
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Figure 3.5. Relative volume fraction of the active cathode material at the end of the discharge
versus the cycle number at ambient temperatures of 25 °C and 60 °C and two selected voltage

ranges of 3.0-4.2V and 3.0-45 V.

Figure 3.6 shows the variation in cell capacity retention over 400 cycles with two
different voltage ranges from 3.0 to 4.2V and from 3.0 to 4.5 V, and with different ambient
temperatures of 25 °C and 60°C, and the model best fit of the capacity retention at a voltage
range of 3.0 to 4.5V. From Figure 3.6a, charging the cell to a voltage of 4.5 V causes an
extreme capacity fade compared to charging the cell to 4.2 V ata given ambient temperature.
The rate constant for Mn?* dissolution was treated as a fitting parameter in Figure 3.6b. The
value increased by a factor of 1.3 as compared to the initial value used for describing the

cycle performance at a voltage range of 3.0 to 4.2V. This factor is comparable to the rate of
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increase in the concentration of Mn2* dissolved into the electrolyte when LiMn20Oa4 cells were

cycled at 3.5 to 4.23V and 3.5 to 4.5V as reported by Xia et al. (18], In addition, a number
of researchers have reported severe capacity fading when Li-ion batteries are overcharged
(1071, From the observations of Aurbach et al. [107] cells cycled at an overcharge state of 4.5
V resulted in greater Mn2* dissolution than those cycled at 4.2 V as measured using X-ray
diffraction and electroanalytical techniques. As the ambient temperature is increased to 60
°C, the initial capacity for a given voltage range is slightly higher than that at an ambient
temperature of 25 °C but the capacity fades more quickly. This rapid loss of capacity at an
ambient temperature of 60 °C is due to the acceleration of the Mn?* dissolution in the
cathode, to the increase in the SEI thickness at the anode, and a change in the SEI structure

at the anode. Wang et al. [293] have also reported acceleration of the Mn2* dissolution rate at

an elevated temperature results in severe capacity fade.
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Figure 3.6. (a) Changes in the cell capacity retention over 400 cycles with different voltage

ranges of 3.0-4.2 V and 3.0-4.5 V at different ambient temperatures of 25 °C and 60 °C

and, (b) Model best-fit of experimental data for capacity retention after 400 cycles at an

ambient temperature of 25 °C and a voltage range of 3.0 to 4.5V.
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In order to examine the effect of different discharge rates on the rate of capacity fading,
we simulated the cycle performance of Li-ion batteries at discharge rates of 1C, 2C, and 3C
at an ambient temperature of 25°C with a voltage range from 3.0to 4.2 V as shown in Figure
3.7. The rate of capacity fading is faster for the cell system cycled at 2C and 3C discharge
rates than the system cycled at a 1C discharge rate. The initial discharge capacity of the cell
system cycled at a 3C discharge rate is reduced by ~30% after 400 cycles, while the cell
systems cycled at 1C and 2C discharge rates are reduced by ~18% and 24%, respectively.
These simulation results are comparable to those obtained by Ning et al. [2041 who studied
the capacity fade of Li ion batteries (active material LiCoO3) at different discharge rates.
The capacity losses they recorded after 300 cycles using discharge rates of 1C, 2C and 3C
were 9.5%, 13.2%, and 16.9%, respectively. These values are smaller than those predicted
by our model, probably due to the additional contribution to the capacity fade from Mn2*
dissolution of the LiMn20O4 cathode active material, the acceleration of the electrolyte

decomposition from the deposited Mn nanoparticles on the anode, and the higher number of

cycles.
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Figure 3.7. Cycle performance at different discharge rates of 1C, 2C, and 3C at an ambient

temperature of 25 °C with a voltage range of 3.0-4.2 V.
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Figure 3.8a and 3.8b show the relative contribution of the SEI, CEl and Mn2* dissolution
toward the reduction of the capacity in the spinel LiMn2Oa/graphite cells corresponding to
the results in Figure 3.1 at 25 and 60 °C respectively. The SEI contribution is significantly
higher as compared to the CEl and Mn dissolution at an ambient temperature of 25 °C for
all number of cycles. While at an ambient of temperature of 60 °C, the SEI is paramount at
the beginning of the cycling and steadily reduces as cycling proceeds in Figure 3.8b. Onthe
other hand, the contribution of the Mn?* dissolution to the capacity fade is small at the
beginning but increases linearly with cycling at both ambient temperatures of 25 °C and 60
°C. Narayanrao et al. 1561 made a similar observation. Based on the simulation results, the
SEI, CEl and Mn?* dissolution contributed to ca. 53, 20 and 27 % of the total capacity fade
at an ambient temperature of 25 °C respectively while at an ambient temperature of 60 °C
they contributed 36, 16 and 48 % respectively. This is comparable to experimental results

reported by Xia et al. [180] when they investigated the cycle life behavior of Li/LiMn204 cells.
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Figure 3.8. Relative contribution of the solid-electrolyte interphase (SEI) at the anode,
cathode-electrolyte interface (CEI) and Mn?* dissolution in the cathode to the total capacity

fade corresponding to the results in Figure 3.1 at (a) an ambient temperature of 25 °C and

(b) an ambient temperature of 65 °C.
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3.5. Conclusion

A capacity fade model for a spinel-based cathode and artificial graphite anode is developed
in this chapter. The model is incorporated into the P2D model Framework in COMSOL
Multiphysics, and the capacity fade at different ambient temperatures of 25°C and 60°C
within two selected voltage ranges from 3.0 to 4.2 V and from 3.0 to 4.5 V is studied. The
model considers the formation and dissolution of SEI at the anode, Mn dissolution in the
spinel-based active material, electrolyte decomposition, and the formation of SEI in the
cathode. The dissolved Mn2* in the electrolyte possibly deposits on the anode, resulting in
excessive decomposition of the electrolyte and hence an increase in the SEI thickness. The
inactive Mn** also remains in the solid phase and leads to an increase in the effective
resistance. Furthermore, the increase in SEI thickness on the anode and cathode leads to an
increase in cell resistance as cycling proceeds. The model in its present state reasonably fits
the variation of discharge profiles for different sets of charge-discharge cycles with a
negligible standard deviation. Case studies demonstrate that the end of charge voltage
(EOCV) and the ambient temperature are critical factors responsible for capacity fading of
spinel-based cathode and artificial graphite Li ion batteries. This model could potentially be

applied to other cell chemistry with a different cathode active material.



Chapter 4

Application of capacity fade model: Accelerated cyclic

aging analysis

4.1 Introduction

In addition to determining the cost, safety, specific energy, power, and reliability issues,
lifetime prediction for LIBs under real operating conditions is a major step for dependable
integration of LIBs into vehicles and stationary applications, and to eliminate warranty
issues. Accelerated aging tests have been regarded as a powerful alternative to replace the
cost- and time-intensive aging tests under real-life operating conditions [205:206] However,
many experiments still need to be performed to obtain the maximum operating conditions at
which the aging test can be performed without altering the decay mechanisms. In addition,
cycle-life prediction models must be used to project the datagathered from accelerated aging

tests for estimates of cycle life under real-life conditions.

From previous reports, there is a linear or nonlinear relationship between the capacity
fade and the number of cycles in a cycle-influenced capacity fade of LIBs [207.208] Hence,
the mechanisms constituting the nonlinearity must be carefully addressed when developing
a capacity fade model. In this regard, a physico-chemical model (PCM) will be suitable as
compared to a semi-empirical model. The capacity fade model developed in the previous
chapter exhibits such qualities since the capacity fading of LiMn2Oa/graphite cells is a

nonlinear function of the number of cycles.

The concept of using temperature as a stress factor for an accelerated aging test has been
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employed in previous works [205.206209210] However, most of these previous works
concentrate on studying the effect of temperature on the capacity fade mechanism of the
specific cell chemistry being used. As an illustration, using an electrochemistry-based
model, Leng et al. [219] conducted a thorough study on the effects of temperature on the
aging characteristics of cycled LIBs at 25 and 55 °C. However, the authors failed extrapolate
the data obtained at 55 °C to that of room temperature. In addition to that, the range of
temperatures considered therein, were not enough to develop an empirical model for the
extrapolation of the datato normal operating conditions of LIBs. On the other hand, Guan
et al. [20%] studied the aging behavior of commercial LiCoO2/mesocarbon microbeads cells
cycled at different temperatures. Therein, the capacity deteriorated rapidly at high
temperature and the capacity retention of the cells cycled at 45 °C was about a quarter of
those cycled at 25 °C. Thus, the authors compared their results at elevated temperature to
that of room temperature. The authors after comparing their results also concluded that, at
an operating temperature of 45 °C, the aging process of the cells deviates from that at room
temperature. Nevertheless, for an accelerated aging test based on the principles of time-
temperature superposition, the degradation mechanism should not be altered, thus a wide
range of temperatures should be considered in estimating the upper temperature limit, which

is time consuming.

In an effort to reduce the number of experiments involved in determining the upper
temperature limit required for the accelerated cycle test based on the principle of time-
temperature superposition, we propose a new framework. In this framework, we used our
developed PCM coupled with the P2D model (also known as the porous composite electrode
model (PCEM)) (PCM-PCEM) to predict the cycling performance of LiMn2Oa4/graphite

cells at different temperatures. The PCM—-PCEM predictions at the various temperatures of
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25, 35, 45, 55, and 60 °C were quantified and used to build a simple empirical life model
(SELM). Based on the evaluated values of the fitting parameters using a nonlinear least
square method, the maximum temperature limit required for the accelerated cycling test of

the LiMn2Oa4/graphite cells was determined.

A large part of the work presented in this Chapter was published in [211],

4.2 Methodology

The main objective here is to build a framework that can perform an accelerated cyclic aging
analysis based on the principle of time-temperature superposition with less experimental
data. The detailed proposed framework is summarized in Figure 4.1 and can be described as
follows. The experimental discharge profiles and the capacity retention obtained from coin
cells cycled at 25 and 60 °C and at a current rate of 1C is used to validate a coupled PCM-—
PCEM model designed to describe the capacity fade mechanism of LiMn2Oa/graphite
system. The validated PCM—-PCEM model is then used to predict the cycling performance
at different temperatures and at a current rate of 1C. The PCM-PCEM was well described in
the previous chapter. The validated PCM—-PCEM model prediction provides enough datafor
the development an SELM using a parameter estimation technique. The SELM is used to

extrapolate the number of cycles obtained at the various temperatures to those at 25 °C.
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Figure 4.1. Summary of proposed accelerated cyclic aging analysis framework

4.2.1 Experimental data collection

The experimental data for the PCM-PCEM validation were obtained from 2032 coin-type

full cells. The electrode and cell making process are similar to those described in the

previous chapter. After aging the cells for 12 h, we proceeded with the formation step that

involved cycling the cells at a charge/discharge constant current (CC) rate of 0.1C at 25 °C.

The cells were then stabilized at a charge/discharge rate of 0.2C for three cycles. The cycling

performance of the cells were conducted at 1C constant current (CC) charging rate and 1 C

constant current-constant voltage (CC-CV) discharging rate at 25 and 60 °C. 1C rate means

the current is 1.32 mA cm-2. The resting time between the charge and discharge was 10 min.

The charge-discharge cycles were conducted between 4.2V and 3.0 V.
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4.2.2 Simple empirical life model (SELM) development

The PCM-PCEM predictions were used to quantify the rate of capacity fade for the
development of SELM. The functional form of the SELM in terms of the percentage

capacity loss Qioss can be expressed as
Qoss = f (Ncycle1T) [41]

where Ncycle denotes the number of cycles, and T is the operating temperature for the cycling.

Since only the number of cycles and temperature affects the capacity fade, we adopted
a previously developed battery-life model [13%]in which the capacity fade depends on time

and temperature, and simplified Eq. (4.1) into
Qloss = k(T) ) N(:Zycle [4.2]

where k(T) is the capacity-fade constant as a function of T, and z is the power-law factor

4.3 Results and discussion

To study the influence of temperature on the capacity fading of the LiMn2QOa/graphite cells,
the cells were cycled at 25 and 60 °C and the results are presented in Figure 4.2. The cells
cycled at 60 °C reached almost half of their initial discharge capacity, which deviates from
that of the cells cycled at 25 °C, whose capacity retention was ~90% of the initial discharge
capacity. The fatal capacity fade of the cells at 60 °C compared to those at 25 °C can be
mainly attributed to the high dissolution of Mn2* from the cathode into the electrolyte at

elevated temperatures [177.212],
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Figure 4.2. Experimental results of discharge-capacity retention of LiMn2O4/graphite cells
cycled at temperatures of 25 and 60 °C, with upper and lower cut-off voltages of 3.0 and

4.2V.

The experimental data obtained at the two temperatures were used to validate the
simulations performed using PCM coupled with the PCEM equations. This coupled model
equations, hereafter referred to as PCM-PCEM, were solved by performing numerical
simulations using COMSOL Multiphysics 5.2 (COMSOL, Inc.,, USA). The cycle
performances and the discharge profiles were simultaneously simulated with the
PCM-PCEM model equations, respectively. The model validation was performed by
comparing the experimental cell-voltage curves obtain at 25 and 60 °C to those of the PCM—
PCEM predictions for the 1st, 20th, 100th, and 200th cycles, with lower and upper cut-off
voltages of 3.0 and 4.2 V, respectively. The fitting parameters were extracted via numerical
fittingand optimization; the best fitsto the experimental voltage profiles are shown in Figure
4.3a and 4.2c. The average standard deviations of the predicted voltage curves and
normalized capacities from the experimental data were calculated, and they are also shown
in Figure 4.3aand 4.2c. The simulation parameters are the same as those in Table 3.1. Figure

4.3b and 4.2d show, the experimental and simulated capacity retention, as well as their
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standard deviations, at 25 and 60 °C, respectively. The estimated standard deviations are

small indicating a high correlation between the model predictions and the experimental

results.
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Figure 4.3. Model best fit to experimental data: (a) discharge profiles (b) capacity retention
over the course of 200 cycles at a temperature of 25 °C (c) discharge profiles (d) capacity

retention over the course of 200 cycles at a temperature of 60 °C.

The validated model was used to predict the cycling performance of the
LiMn20O4/graphite cells at various temperatures, with lower and upper cut-off voltages of 3.0

and 4.2 V. The outcome of the prediction is presented in Figure 4.4a. The rate at which the
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capacity faded in the simulated results increased with increasing temperature. The rapid
capacity fading as the temperature increased can be ascribed to the increase in the rate of
Mn dissolution and the precipitation of the products of the decomposed electrolyte on the
cathode, leading to a rapid formation of the CEI, which slows down the movement of Li
ions. This effect leads to a reduction in the Li-ion diffusion coefficient constant as shown in
Figure 4.4b. Figure 4.4c and 4.3d demonstrate the dependency of the CEI and SEI resistance
on temperature. The CEl and SEI resistance increased with temperature with SEI resistances
being higher than CEI resistances. The reduced Mn nanoparticles catalytically facilitate
electrolyte decomposition, which leads to an increase in the SEI resistance, and contribute
to the fatal capacity fade [2901, Moreover, as reported in the experimental study of Zhan et

al., an increase in both the CEI and SEI resistance also contributes to the capacity fade, and

the rate of increase was found to be dependent on temperature [182],
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Figure 4.4. Simulated (a) cycling performance of the LiMn2Oa/graphite cells, (b) diffusion
coefficient constant of the cathode, (c) cathode electrolyte interphase (CEI) resistance and

(d) solid electrolyte interphase (SEI) resistance, at various temperatures.

Figure 4.5 illustrates the percentage capacity loss plotted as a function of the number of
cycles at 25, 35, 45, 55, and 60 °C. The solid lines represent the best fit of the SELM, while
the symbols represent the data extracted from simulation results using PCM—-PCEM at each
temperature. To ensure a good agreement between the simulations using SELM and the
coupled PCM-PCEM, a nonlinear least-square technique known as the Levernberg—
Marquardt method was used to fit the SELM prediction to that of the PCM-PCEM
simulation, with k(T) and z as the fitting parameters. The values of the fitting parameters at

various temperatures are presented in Table 4.1.

Table 4.1. Equations for predicting the accelerated capacity-fade at different temperature

Temperature (°C) Life model

25 Qioss =0.830x NJ2X°
35 Qs =1.139x Ngjﬂlo
45 Qs =1.437x NGO
55 Qs =1.639x N0
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Figure 4.5. Simulations using a simple empirical cycle-life model (SELM) (solid line) and

that of the coupled model, PCM-PCEM, (symbols) at 25, 35, 45, 55, and 60 °C ata discharge

rate of 1C.

The dependence of the capacity-fade constant and that of the power-law factor on
temperature are shown in Figure 4.6a and 4.5b, respectively. In Figure 4.6a, the solid line
represents the best fit of the Arrhenius equation to the extrapolated values of k from the
SELM fittings. The effect of temperature on the capacity-fade parameters is manifested as
an Arrhenius-type dependence for the capacity-fade constant, with an activation energy of
Ea 0f 263.5 Jmol™ and a pre-exponential factor of 2.889. The low magnitude of Ea indicates
that the factors responsible for the capacity fade include not only a chemical process, as in
the case of LiCoO2/graphite cell [159] but also other physical processes, as described in the
PCM. The values of z at 25, 35, and 45 °C were determined from Figure 4.6b to be
approximately 0.5, which correlate with a dependence on the square-root of time (number
of cycles). Previous studies [136.159 showed that the reliance of capacity fade on the square
root of time is an indication that the irreversible capacity loss is because of SEI growth that

consumes active Li ions, and it is often a diffusion-controlled process. However, further
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increases in temperature to 55 and 60 °C yielded power-law factors of ~0.59 and ~0.63,
respectively. These values indicate that at temperatures greater than or equal to 55 °C, the
capacity-fade mechanisms are no longer dominated by SEI growth, but by other factors such

as Mn dissolution, as previously demonstrated by both experimental [28%] and modeling (192

approaches.
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Figure 4.6. Dependence of (a) capacity-fade constant (k), and (b) power-law factor (z) on

temperature. The capacity-fade constant s fitted tothe Arrhenius equation (solid line in (a)).

Owing the large potential window considered in this study, a comparison between the
model predictions and the experimental datausing the discharge profiles alone is notenough
to claim that the model effectively replicated the electrochemical behavior of the cells. Thus,
we conducted a qualitative analysis of electrochemical voltage spectroscopy on the
experimental and simulated discharge profiles and presented the results in Figure 4.7. The
model predictions overlap quite well with experimental data with a low standard deviation
(Figure 4.7a and 4.6b). The various experimental peaks are well matched with those of the
model predictions. This indicate that the electrochemical characteristics of the
LiMn20a4/graphite cells are well replicated by the PCM-PCEM as suggested by Barai et al.

[116]_ Figure 4.7c shows the predicted incremental capacity (IC) as a function of cell voltage
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at different temperatures and at an equivalent capacity. At 25, 35 and 45 °C, the IC curves

showed similar peaks at the same voltage. However, there were additional peaks at 3.6 V

for the cells cycled at 55 and 60 °C. Thus, the capacity-fading mechanisms are similar at 25,

35, and 45 °C but changes as the temperature increases above 45 °C. In addition, since the

IC curves are the same for a temperature range of 25 to 45 °C, the cycling aging was

accelerated without changes in the degradation mechanisms [161, This confirms the results

obtained based on the calculated values of z in eq. (4.2).
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Figure 4.7. Qualitative analysis of electrochemical voltage spectroscopy for experimental

and PCM-PCEM nprediction of cells cycled at (a) 25 °C (b) 60 °C and (c) at different

temperatures and similar capacities.
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In this study, we adopted the time—temperature superposition accelerated testing method
for our analysis. This method is based on the premise that if a higher temperature accelerates
but does not change the degradation mechanisms, then the testing duration can be reduced
by testing at higher temperatures [159. However, this method is bound by the upper
temperature limit that a cell can be subjected to without altering the degradation
mechanisms. Estimation of z by fitting the SELM to either experimental data or an
experimentally validated PCM-PCEM with negligible standard deviation and estimation of
IC curves can be an effective way to determine the upper limit of the temperature that is
appropriate for time—temperature superposition accelerated analysis. Therefore, it can be
clearly inferred from Table 4.1 that the maximum temperature suitable for accelerated cyclic
aging analysis without altering the capacity-fade mechanisms is 45 °C. However, a
significant increase in z occurs at 55 and 60 °C, indicating a significant alteration in the
capacity-fading mechanisms. This result agrees well with the experimental results reported
by Broussely et al. [69], Nevertheless, we used our developed SELM to predict the accelerated
number of cycles at 55 and 60 °C, as well as those at 35 and 45 °C. Figure 4.8 shows a plot
of the predicted accelerated number of cycles as a function of the number of cycles at 25 °C.
As expected, the accelerated number of cycles decreases with an increase in temperature.
However, it should be noted that at temperatures of 55 and 60 °C, the capacity-fade
mechanisms are altered and, therefore, are not suitable for predicting the accelerated number
of cycles. At the upper temperature limit of 45 °C, the number of cycles can be reduced by

a factor of ~3.6, and it can be reduced by a factor of ~1.7 at 35 °C.
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Figure 4.8. Predicted number of cycles at 25, 35, 45, 55, and 60 °C as a function of the

number of cycles at 25 °C.

4.4 Conclusion

We proposed a simple but time-effective accelerated cyclic aging analysis framework using
a coupled PCM-PCEM to predict the life cycle performance of Li ion batteries at different
temperatures. An SELM was then used to extrapolate the obtained data at higher
temperatures to real life operating conditions. The accelerated aging analysis technique can
be applied to any Li ion battery system with capacity mechanism like that of
LiMn204/graphite, and different systems as well with slight modification. The capacity-
fading mechanisms based on the extrapolated z values (0.5) strongly depended on the SEI
formation at temperatures ranging from 25 to 45 °C. At higher temperatures, the z values
are well above 0.5, indicating that another mechanism other than SEI formation are
dominant. The accelerated number of cycles is reduced by a factor of 3.6 at the upper
temperature limit of 45 °C for the time—temperature superposition accelerated testing of the
LiMn20O4/graphite cells. This work will serve as a guide for battery engineers and scientists

who wish to use temperature as a parameter for accelerated cycle-life prediction.
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Chapter5

Capacity fade analysis of anode materials with huge

volume expansion

5.1 Introduction

As one of the most promising anode material candidates to be used in LIBs, Si has a
relatively higher theoretical specific capacity (3579 mAh g-1) as well as other advantages
such as environmental friendly and terrestrial abundance [213-21%1, However, large volume
expansion (up to 275 %) of silicon during (de)lithiation particles, formation of unstable solid
electrolyte interphases (SEls), and permanent capacity losses, [2132162171 hinders the
commercialization of silicon anode material for LIBs as mentioned in Chapter 1. One of the
method adopted to address this issue is the coating of the current collector with an adhesive
interlayer such as polydopamine (PD) thin film to prevent the delamination of the composite
electrode [218]1, Nevertheless, the analytical and quantitative effect of the presence of the PD
thin film on the surface of the copper current collector on the capacity-fading mechanisms
of Si anodes are complex and not well understood. The analyses and quantification of the
role of the polydopamine interlayer on the degradation processes will improve the prediction

of the cell capacity during operations.

In this chapter, we extended the non-destructive capacity-fading analysis method used
in Chapter 2 to Si-based anodes with different adhesion strength between the composite

electrode and the current collector. The main objective of this work was to identify the

degradation mechanisms, and to study the effect of the PD thin film on the long-term cycle
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performance of Si-based anode LIBs. Similar to the capacity fade analysis method used in
Chapter 2, we adopted the P2D model to analyze the cycle performance of Li ion cells made
with Si anode and Li metal and a bare and PD-treated copper current collectors via a
parameter estimation technique. Based on the estimation of the parameters that change with
cycling, the various mechanisms associated with the capacity fade in the bare and PD-treated
copper current collector were investigated. A quantitative analysis of the aging mechanism
of Si-based anodes in terms of Li ions loss is performed and discussed for the two cell
configurations. The percentage contributions of the various identified mechanisms were
estimated for the cells with the bare and PD-treated copper current collector. By
extrapolating the parameters that changed with cycling, the maximum number of cycles

required for the complete deterioration of the limiting cell configuration in terms of cycle

performance were determined.

A large part of the work presented in this Chapter was published in [219] and presented at
the Electrochemical Conference on Energy and the Environment (ECEE 2019) held at

Glasgow, Scotland.
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5.2 Experiment

5.2.1 Treatment of Cu current collector with Polydopamine

The coating process described by Ryou et al. [2201was adopted to coat the PD on the Cu
current collector. The mixture used to make the dopamine solution (2 mmg mL-1) contained

Tris buffer solution (pH 8.5, 10 mM) and methanol (CH3OH/buffer = 1/1 wt%).

5.2.2 Preparation of Electrode

The composition of the slurry used to make the Si electrode was 60 wt% Si active material
(30 nm; Nanostructured & Amorphous Materials, Inc, Houston, USA), 20 wt% conductive
material (Super-P, Timcal, Switzerland) and 20 wt % poly (acrylic acid) (MW = 450,000;
Sigma-Aldrich, South Korea) binder in deionized water. The prepared slurry was casted onto
the bare current collector (8 um; Iljin Materials, South Korea) and PD-treated Cu current
collector using a doctor blade and dried in a convection oven at 80 "C for 2 h. The loading
level and thickness of the Si electrode were controlled to 0.53 mg ¢cm? and 8 pm

respectively.

5.2.3 Assembling of cell

2032 coin half-cells were fabricated with the prepared Si electrodes (diameter: 12 mm; dried
in a vacuum oven at 60 °C for 12 h before use), Li metal (450 um; Honjo Metal Co., Japan)
as the counter electrode, and a polyethylene separator ((ND420, Asahi Kasei, Japan). The

porous part of the separator was filled with a liquid electrolyte (1.15 M LiPF6 in ethylene
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carbonate/ethyl methyl carbonate; EC/EMC = 3/7 vol%; Panax Etec, South Korea). The
electrolyte contained 5 wt% fluoroethylene carbonate (Panax Etec, South Korea). The coin

cells were assembled in an argon-filled glove box with constant dew point less -80 °C.

5.2.4 Measurement of electrochemical performance

The assembled coin cells made of were aged for 12 h prior to the evaluation of the formation
step and cycle performance using a battery tester (PNE Solution, South Korea). The cells
were cycled between 0.05 and 2.0 V at a constant current density of 0.2 A g at room
temperature during the formation step. The cells were then cycled at a constant current

density of 1.2 A g1 for 500 cycles.

5.3 Results and discussion

5.3.1 Parameter Estimation

The parameters that change with cycling were estimated by fitting the physics-based model
predictions of the voltage profile to those of experimental data obtained from 2032 coin-
type cells consisting of silicon electrodes prepared with bare and polydopmine-treated (PD-
treated) Cu current collectors at some selected number of cycles. The fittings were done
using a nonlinear least square regression technique, the Levernberg Marquardt method. The
results of the fitting are shown in Figure 5.1. The symbol and the solid lines represent the
experimental dataand model predictions, respectively. The model predictions were executed
using the parameters in Table 5.1. There is a high correlation between the model predictions
and the experimental voltage profiles as confirmed by the lower values of the estimated

average standard deviation shown in Figure 5.1.
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Table 5.1. Model parameters used in this study

Symbol Parameters Value

Lp Si electrode thickness, pm? 8x107°

Ln Li metal electrode thickness, um @ 450 x 107°
Ls Separator thickness, pm 2 20 x 107

r Si particle radius, m 2 30x107°
& Volume fraction electrolyte @ 0.73

Ds,p Diffusion coefficient constant of Li in LixSi, m? s'1d 3x 1071

D Diffusion coefficient constant of Li in electrolyte, m2 s1¢ 3.93 x 1071°
kn Reaction rate constant on Li metal, mol®>m0-5gs¢ 6.2 x107°
K1 Electronic conductivity of Si electrode, S m1d 33

kp Reaction rate constant on Si electrode, m25 mol-%5s1b 2 x 10712
Csmax Maximum Li concentration, mol m-3d 3.11 x 10°
a, Cathodic apparent transfer coefficient ° 0.26

a, Anodic apparent transfer coefficient P 0.74

Rfilm Film resistance, qmd 4.7 x 10™*
A Geometric area of Si electrode, m? 2 1.131x 107*

[a] Parameter set in the cell design
ﬁ Fitted parameter

c] Obtained from COMSOL libra
d] Parameters based on literature [32]
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Figure 5.1. Comparison of experimental discharge profiles and P2D model predictions for
Si/Li half-cells with (a) bare Cu current collector and (b) (PD)-treated Cu current collector.
The symbols and the solid lines represent the experimental data and model predictions,

respectively.
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To achieve the high correlation between the physics-based model predictions and the
experimental voltage profiles of the two cell configurations considered in this study, an
optimization technique, which employs the non-linear least square method, was used to
estimate the parameters that changed with cycling. For the cells with the bare Cu current
collector, three parameters changed with cycling. These parameters are the total film

resistance (R

film

), the initial state of charge (X, ;) of the silicon electrode, and the maximum

Li ion concentration in silicon electrode (c ). On the other hand, in addition to the three

max, Si
parameters that changed with cycling for the cells with the bare Cu current collector, the

reaction rate constant (K ) varied with cycling for the cells with the PD-treated Cu current

collector. The variations in the parameters with cycling for the two cell configurations are
shown in Figure 5.2. The total resistance increased monotonically with cycling and was
higher in the cells with the bare Cu current collector compared to the cells with PD -treated
Cu current collector (Figure 5.2a). The film resistance is the sum of the resistance due to the
SEI and that due to the contact between the silicon composite material and the Cu current

collector. Moreover, the initial SOC of the silicon electrode (X, ) increased with cycling

for the two cell configurations (Figure 5.2b). The rate of increase was high during the initial
stages of the cycling but reduces as the cycling proceeds and eventually becomes almost
constant at the later part of cycling. The rate of increase was higher for the cells with bare
Cu current collector relative to the cells with PD-treated Cu current collector. Figure 5.2b
indicates that the silicon electrode becomes less discharged with cycling. The maximum Li
ion concentration of silicon for the two cell configurations also increased with cycling and
it was higher for the cells with bare compared to the cells with the PD-treated Cu current
collector (Figure 5.2¢). The increase in the maximum Li ion concentration can be attributed

to the additional supply of Li ions from the reference Li metal electrode as cycling
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progressed. Lastly, the reaction rate constant also decreased with cycling for the cell with
the PD-treated Cu current collector but remains constant for the cells with the bare Cu
collector (Figure 5.3d). This was due to the insulating nature of the polydopamine interlayer
and a detailed discussion will be given in the subsequent section. The changes in the film
resistance (contact) reflects the mechanical degradation while that in the initial SOC reflects

both chemical (SEI formation) and mechanical degradation (Li ions loss due to particle

isolation).
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Figure 5.2. The changes of model parameters with cycling (obtained from fitting the

experimental voltage profiles for each cycle).
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The predicted SOCs of the silicon electrode at the end-of-charge (EOC) (X ) for the

cells with bare and PD-treated Cu current collectors is shown in Figure 5.3. At EOC, the

silicon electrode in both cell configurations becomes less charged ( X5, decreases). The rate

at which the SOC at EOC decreased was high during the initial cycles (1 to 40) but reduced
at midway (40 to 400) through the cycling and became lesser at the later part of cycling (400
to 500). The PD interlayer did not have any significant effect on the rate at which the silicon

electrode became less lithiated at the end of the 500 cycles.
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Figure 5.3. The simulated SOCs for the Si/Li half-cells with bare and polydopamine (PD)-

treated Cu current collectors at the end of charge (EOC).

5.3.2 Model Predictions

To conduct further analysis beyond the 500 cycles, we tried to predict the cycle performance
of the cells with bare and the PD-treated Cu current collectors at higher number of cycles by
extrapolating the model parameters that change with cycle number to 1000 cycles. The
parameter extrapolation was done based on the assumption that the capacity-fading
mechanism remained the same during the period of the predictions. The extrapolated model

parameters are presented in Figure 5.4.



5.3 Results and discussion 92

(@) 0.04 (b) 04

£ 003} el Y] T

g 0.02 T 4 8 02

goo2y T 1 9 3 A

% T S ./

o K= .

E 001 1 01

L ---- Bare Cu ---- BareCu
---- PD-treated Cu ---- PD-treated Cu

0.00 . . 0.0 . .

0 200 400 600 800 1000 200 400 600 800 1000

0
Number of Cycles Number of Cycles
(©) 15 : : : co (d) 1000
? ] :O —————————————————
£ -
&) *
= & 100}
] g
& S 010}
g o
o e LT
2 s omf Tl ;
© ---- BareCu S 7
o) S ---- Bare Cu
04 . . - PD-trfaatedCu 4 - -~ PDreated Cu
0 200 400 600 800 1000 o 200 400 600 800 1000
Number of Cycles Number of Cycles

Figure 5.4. The extrapolation of the physics-based P2D model parameters that changed with
cycling in Figure 5.2. The extrapolations were obtained using the curve-fitting tool in

Matlab.

The extrapolated model parameters in Figure 5.4 were used to predict the cycle
performance of the cells with bare and PD-treated Cu current collectors. The outcomes of
the predictions are shown in Figure 5.5. A comparison between the experimental normalized
charge capacity retention and the model predictions during the first 500 cycles for the two
cell configurations are presented in Figure 5.5. There was a good match between the
experimental data and model predictions. In addition, a prediction of the normalized charge

capacities using an empirical model (Table 5.2) is shown in Figure 5.5. A stage of
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accelerated capacity deterioration is predicted after ca. 690 cycles for the cells with the bare
Cu current collector (Figure 5.5a). This is in agreement with previously published
experimental results by Mazouzi et al. [2211 where they observed a drastic capacity decay for
Si/Li cell after 700 cycles. A continuous accelerated capacity decay is predicted for the cells
with PD-treated Cu current collector. The shape of the capacity fade pattern predicted in

Figure 5.5b is similar to that observed experimentally by Song et al. [222],

Table 5.2. Empirical model expressions and parameters

Cell Design Model A B C D
Bare Cu AxB +Cx+D -0.1659 0.1973 -0.0004228 1.193
PD-treated Cu  Ax®B+Cx+D -0.0299 0.4861 0.0003641 1.026
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Figure 5.5. Comparison of the normalized charge capacity as a function of number of cycles
predicted by the physics-based model and empirical model for the Si/Li half-cells with (a)

bare and (b) PD-treated Cu current collectors.

Figure 5.6 shows the simulated silicon electrode SOC at the EOC for cells with bare and
PD-treated Cu current collectors using the extrapolated model parameters in Figure 5.4. The
SOC at EOC decrease steadily for both cell configurations. The prediction did not show any
significant changes in the SOC at EOC for the extended number of cycles. Thus, the

capacity-mechanisms remained the same as that predicted during the initial 500 cycles. The
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capacity fade of the two cell configurations will be analyzed using the information obtained

from the physics-based model.
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Figure 5.6. The predicted SOCsfor the bare and PD-treated Cu current collectors at the EOC
using the extrapolated physics-based model parameters presented in Figure 5.4. The symbols

show the SOC at EOC in Figure 5.3.

5.3.3 Capacity fade analysis

The results presented in the previous sections suggests that, the presence of the PD interlayer
between the silicon composite electrode and the Cu current collector has a significant

positive effect on the capacity fade of Li/Si cells. In this section, we try to discuss the

phenomenon constituting these effects.

The study performed on the parameters that change with cycling shows that, the film
resistance increases with cycling for both cell configurations with the rate of increase being
higher in the cells with bare Cu current collector (see Figure 5.2). Here, the film resistance
Is the sum of the resistance dueto the formation of the SEI and the contact resistance between
the silicon composite electrode and the Cu current collector. However, since the cells with

both bare and PD-treated Cu, current collectors have silicon as their anode active material;
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there will be no significance difference between the increases in resistance due to the
formation of SEI. Thus, the main difference between the film resistance of the bare and PD -
treated Cu current collector can be attributed to the different contact resistances between the
silicon composite electrode and the Cu current collector. Cho et al. 218 have demonstrated
this experimentally, where they attributed the improvement in the cycle performance of the
cells with PD-treated Cu current collector, to the enhanced adhesion strength between the

silicon composite electrode and Cu current collector. The increase in the adhesion strength

resulted in a lower contact resistance as demonstrated in Figure 5.2.

In addition, many previous reports have been made on the occurrence of side reactions
onsilicon electrodes during (de) lithiation processes [223-2261, These side reactions are known
to consume Li ions resulting in the formation of the SEI on the surface of the Si electrode.
Two types of SEI have been reported to form during the (de) lithiation processes [2271, First
is the formation of diethyl 2,5-dioxahexane dicarboxylate (DEDOHC)during the early stage
of cycling when 1M LiPF6/EC: DEC (1:2 v/v) electrolyte is used. The DEDOHC is known
to be non-conductive and increases the impedance of the cell. The co-product of the
formation of DEDOHC, Li propionate also traps Li ions contributing to low columbic
efficiency of the cell. In this work, we used 1.15 M LiPF6/EC: EMC (3:7 v/v) electrolyte.
Hence the SEI product formed, assuming that the formation mechanism is like that of
DEDOHC, will be ethyl methyl 2,5-dioxahexane dicrarboxylate (EMDOHC) which is
assumed to have similar properties as the DEDOHC. Second is the formation of lithium
ethylene dicarbonate (LIEDC), when lithiated silicon is exposed to the electrolyte because
of crack formation owing to volume expansion in silicon electrodes. The formation of the
two types of SEI leads to the loss of cyclable Li ions. The mechanism for the formation of

the EMDOHC and LIiEDC can be described as,
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Figure 5.7. The formation mechanism of EMDOHC and LiEDC.

In addition, the volume expansion in silicon electrodes causes the physical or
electrochemical isolation of active materials from the conduction pathway, dead silicon that
cannot contribute to capacities. The dead silicon also traps cyclable Li ions leading to

capacity fade [11.217.228]

We address the capacity loss to the formation of the SEI and dead silicon particles for
the Si/Li cells with bare and PD-treated Cu current collectors in terms of percentage of Li
ions loss to the capacity fade. To do this, we considered two main cases. In the first case, we
assume that, there is no supply of excess Liions from the Li metal, thus the capacity retention

depends on the initial capacity of the cell after the first cycle. During the first cycle, the

silicon electrode is charged from Li(.01)Sito Li2.6)Si (Xo,5i =0.003, X5 =0.78 in Figure 5.2b
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and Figure 5.3 respectively). After 40 cycles the silicon electrode is lithiated from Li.59Si
to Li2.31)Si( Xy =0.18, X5 =0.69 in Figure 5.2b and Figure 5.3, respectively). The fraction

of the total Li ions loss after the 40th cycle IS

(2.6—(2.31—(0.59—0.01)))/(2,6—0,01):0_34 for the cells with bare Cu current

collector. The capacity loss of the cell in terms of Li ions trapped in the isolated silicon is

(0.59—0.01)/(2.6—0.01) =0.22. The remaining fraction of Li ions loss is to the formation

of the SEI. Similar calculations were done for the cells with the PD-treated Cu current
collector and the results are displayed in Figure 5.8a and 5.7b. The rate of SEI formation on
just produced lithium ion cells are very high and it is known to control the capacity fade
during pre-cycling [22°1, However, we conducted the capacity-fading analysis after the pre-
cycling stage. Hence, from Figure 5.8a, the capacity fading due to the loss of Li ions in cells
with the bare Cu current collector is controlled by the Li ions trapped in the isolated silicon
during cycling but becomes almost the same at the end of the 500 cycles. In Figure 5.8b, the
capacity fading due to loss of Li ions in the cells with PD-treated Cu current collector is
dominated by the Li ions trapped in isolated silicon during the initial stages of cycling, but
it was overtaken by the Liions loss to the SEI formation after 150 cycles. The loss of Li ions
to SEI formation was similar for the two cell configurations as shown in Figure 5.8. The
only difference was in the loss of Li ions to the isolation of the silicon active material and
was higher in the cells with bare Cucurrent collector. Thus, the presence of the PD interlayer
between the silicon composite electrode and Cu current collector aids in the reduction in the

formation of dead silicon and hence improves the capacity of the cell.
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Figure 5.8. The percentage of Li ion loss in Si/Li cells with (a) bare Cu current collector and

(b) PD-treated Cu current collector, estimated based on the assumption that, no additional

Li ions are supplied from the Li metal.

In the second case, we considered the effect of the additional Li ions from the Li metal
and presented the results of the net loss of Li ions as function of number of cycles for the
bare and PD-treated Cu current collectors in Figure 5.9a and 5.9b, respectively. From the

model parameters that change with cycling in Figure 5.2, the maximum Li ion concentration
(Crexsi) Was found to increase with cycling (Figure 5.2c). The increase in Cpysi is due to

the additional supply of Li ions from the Li metal after the first cycle. Similar to the
estimation of Li ion loss in the first case, the silicon electrode was charged from Li(.01)Si to

Lic2.6)Si. However, during the 40th cycle, the silicon electrode was charged from Li(.59)Si to
Lios)Si (X5 = 0.003, X5 = 0.92 (X =X X(Cpey i /G o) Where X5 is the SOC at EOC

during the first cycle). There was a 0.74 increase in the stoichiometric content of Li ions in
the charged state relative to when the effect of Li metal was not considered. Thus, the
fraction of total Li ions loss after the 40th cycle is reduced from 0.34 to 0.17. This excess Li

ion is assumed to replenish the Li ion loss to the SEI formation. This assumption was made
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based on the fact that, the amount of Li ions trapped in the film formation cannot account
for the cumulative capacity retention of the cells due to the unlimited supply of Li ions from
the Li metal as demonstrated experimentally by Delpuech et al. [225] by using quantitative Li
NMR [230] spectroscopy. On the other hand, the Li ions trapped in the isolated silicon
particles contributes to the cumulative capacity retention due to the reduction in the holding
capacity of the silicon electrode. The net loss of Li ions to SEI formation in the cells with
the bare Cu current collector is ca 0 % at the 500 cycle (Figure 5.9a) while that in the cells
with the PD-treated is ca. 4 % (Figure 5.9b). This is because the amount of the silicon
particles in the cells with PD-treated Cu current collector after the 500 cycles is quite higher
and most of them are exposed to the electrolyte after lithiation leading to high LIEDC

formation. Thus, the excess Li ions supplied from the Li metal were not enough to replenish

those losses to the SEI formation.

(a) 100 . . - . (b) 100 . . . .
—e— Total Li-ions loss Bare Cu —e— Total Li-ion loss PD-treated Cu
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Figure 5.9. The net loss of Li ions in Si/Li cells with (a) bare Cu current collector and (b)
PD-treated Cu current collector, estimated considering the effect of the excess Li ions from

the Li metal.

Figure 5.10 shows the percentage contribution of the film resistance (SEI resistance and

contact resistance), Li ion loss to SEI formation and Li ions trapped in the isolated silicon
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particles towards the reduction of the capacity retention of the cells with the bare and PD-
treated Cu current collector corresponding to the result in Figure 5.1. The calculations of the
percentage contribution of the Li ion losses were done based on the assumption used in the
second case in Figure 5.9. The film resistance contributed to ca. 41.4 and 19.51 % in the
capacity reduction in the cells with bare and PD-treated Cu current collectors, respectively.
Thus, the presence of the PD-interlayer reduces the effect of the film resistance (contact
resistance) by ca. 22 % at the end of 500 cycles. This reduction in the contact resistance can
be attributed to the increase in adhesion strength [218] owing to the ability of the
polydopamine interlayer to form covalent bonds [2311 with polyacrylic acid binder in the
silicon composite. The loss of the capacity to isolation of the silicon active material
contributed to 16.7 and 6.6 % in the bare and PD-treated Cu current collectors, respectively.
Thus, the polydopamine interlayer also reduces the capacity loss to the isolation of the
silicon particles by ca. 10 %. Owing to the strong adhesion between the silicon composite
electrode and the Cu current collector by the PD interlayer, the silicon particles at the surface
of the electrode prone to isolation experiences a higher force of attraction as compared to
those in the cells with the bare Cu current collector. A schematic representation of this
phenomenon is presented in Figure 5.11. Since the amount of Li ion loss to the formation of
the SEI cannot account for the capacity retention due to the unlimited supply of Liions from
the Li metal, its percentage contribution was almost negligible with a value less than 1 % in
the two cell configurations. The reduction in the reaction rate constant in Figure 5.2d can be
attributed to the continuous passivation of the surface of the electrode by an insulating film
during cycling 2321, The reduction in the electrochemical rate constant result in a slow charge
transfer process at the electrode/electrolyte interface (reduction in the jp in the P2D model).
This results in an increase in the charge transfer resistance, which contributes to a ca. 15 %

reduction in the capacity retention.



5.3 Results and discussion 101

(a) 100 <l>— o -8 -@—0— - @ -0 —0—0- o- -§ 0 —0-— 0- @ -8 —0—0— o (b) 100
\o‘\o C20 0060606000
g 80 | v\\\\ 00 6 6 o g 80 b
c c
Q o
:qC; 60 f :qC; 60 f
2 2
> 40 > 40— Total capacity loss
kS —s— Total capacity loss 3 —v— Filmresistance
g o0} —— Fimresistance | & ol 7 Liions loss (SEI formation)
© ~= - Liions loss (SEI formation) © e Liions loss (Isolation)
o Liions loss (Isolation) Bare Cu + - Charge transfer resistance ~PD-treated Cu
0 : - - . 0 - - - .
0 100 200 300 400 500 0 100 200 300 400 500
Number of Cycles Number of Cycles

Figure 5.10. Relative contribution of the film resistance (SEI resistance and contact
resistance), Li ions loss to SEI formation and Li ions trapped in the isolated silicon active
material to the total capacity fade corresponding to the results in Figure 1 in Si/Li half-cells

with (a) bare Cu current collector and (b) PD-treated Cu current collector.
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Figure 5.11. Schematic diagram showing the effect of the polydopamine interlayer on the

Delaminated Si
particles

number of isolated particles after several cycles. Less number of Si particles are isolated due
to the stronger attraction force exerted on the Si particles at the surface of the electrode by

those in contact with the Cu current collector.
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5.4 Conclusion

The effect of PD thin film interlayer between silicon composite electrode and Cu current
collector on the cycle performance of Si-based anode was analyzed by fitting the predictions
of a physics-based model to experimental discharge curves obtained from cycling Si/L.i cells
with bare and PD-treated Cu current collectors. By examining the model parameters that
change with cycling, the various capacity-fading mechanisms in the Si/Li cells with bare
and PD-treated Cu current collector were established and discussed. Based on our analysis,
the major capacity-fading mechanisms in Si/Li cells are the increase in the film resistance
(SEI resistance and contact resistance) and the isolation of silicon active materials. The
presence of the PD thin film interlayer resulted in the reduction in the capacity loss to the
film resistance (contact resistance) and the Li ions trapped in the isolated silicon active
material by ca. 22 and 10 %, respectively. The Li ion loss to the formation of the SEI did
not have any profound effect on the capacity retention owing to the unlimited supply of Li
ions from the Li metal in the cell. The insulating-nature of the PD thin film interlayer lead
to a reduction in the reaction rate constant resulting in an increase in the charge transfer
resistance. This contributed to ca. 15 % reduction in the capacity retention. Thus, for a
further improvement in the cycle performance of the silicon-based anode, a more conductive
interlayer between the silicon composite material and the copper current collector should be

employed.



Chapter 6

A chemo-mechanical degradationmodel

6.1 Introduction

As observed from the capacity fade analysis in Chapter 5, the main capacity-fading
mechanisms of anode materials with high volume expansion such as silicon are the loss of
Li ions to SEI (EMDOHC and LIiEDC) formation, film resistance (contact resistance and
SEI resistance) and Li ions loss to particle isolation. Coating of the surface of the current
collector with a thin adhesive material improved the electrochemical performance by
reducing the capacity loss to contact resistance and Li ions loss to particle isolation but also
lead to a loss of capacity to charge transfer resistance owing to the insulating nature of the
PD thin film. Thus, the capacity fading of the cells with both bare and PD-treated Cu current
collector are caused by chemical and mechanical degradation mechanisms. Hence, to
adequately describe and quantify the contributions of each mechanism to the capacity fade,

a capacity fade model that couples chemical and mechanical degradation must be developed.

Deshpande et al. [14] proposed a mathematical model to describe the Li ion loss caused
by coupled chemical and mechanical degradation for graphite-LiFePO4 cells at different
temperatures. Xie et al. (2331 developed an integrated L 1B stress model for commercial LixCs
anode by considering both battery multi-transport process and cycling induced chemical
degradation. Li et al. 2341 modified a capacity degradation model with chemical/mechanical
degradation and integrated it with an advanced single particle model to predict battery

capacity loss as a function of number of cycle and temperature, and SEI layer formation and
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growth coupled with mechanical fatigue. Almost all the chemo-mechanical models for cycle
life prediction reported are for graphite-based electrodes. On the part Si-based electrodes,
mechanical degradation due to diffusion-induced stress because of the volume expansion
has been modeled to investigate the Li diffusivity in amorphous Si (a-Si) [23%], chemo-
mechanical coupling in (de) lithiation of amorphous Si via simulation of Si thin films and
nanospheres [238] and the lithiation kinetics in Si [2371. However, there have been no reports
on the development of a model to describe and predict the long-term cycle life of Si-based
anodes. Wang et al. [238] used a multiphysics microstructure-resolved model (MRM)
incorporated with Si anodes to investigate various cell design parameters on the
electrochemical performance of amorphous Si-anode-based LIBs but did not consider the

degradation mechanisms.

In this Chapter, our objective is to develop and validate a chemo-mechanical degradation
model to describe the capacity-fading mechanisms of Si-based LIBs with different adhesion
strength between the composite electrode and the copper current collector. The developed
model is based on the degradation mechanisms identified in Chapter 5. The developed model
is validated with experimental data from coin cells consisting of Si and bare and PD-treated
Cu current collector with Li metal as the reference electrode. The P2D model is used as the

basis for this model and the model will be solved in COMSOL Multiphysics module.

6.2 Model development

The main capacity-fading mechanisms considered in this study are the contact resistance
between the Si composite electrode and the copper current collector due to volume
expansion, the formation and dissolution of SEI in the Si electrode, physical isolation of Si

active material and the reduction in the rate of charge transfer in the cell with PD-treated
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copper current collector. Figure 6.1 shows the degradation mechanisms of Si electrode with
PD-treated copper current collector. The effect of the excess Li ions supplied by the Li metal
during cycling is also considered in this model. The various mechanisms have been

thoroughly discussed in previous work [13:217.218.227,239]

Binder decomposition

<A /‘ IGas evolution

Crack formation

SEI formatio

(LiEDC)

( Autoxidation
|

Electrolyte
decomposition

Polymeric film
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SEI formation
(EMDOHC)
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® e ®Isolated particles

Loss of contact to
current collector

Figure 6.1. Degradation mechanisms of Si electrode with PD-interlayer between the Cu

current collector and the composite electrode.

6.2.1 Modeling of SEI formation

From Chapter 5, two types of SEI are formed during the (de) lithiation processes of Si
electrodes. First is the formation of ethyl methyl 2, 5-dioxahexane dicarboxylate
(EMDOHC) [219] during the initial stages of cycling when a mixture of ethylene
carbonate/ethyl methyl carbonate (EC:EMC) related solvents are used. Second is lithium
ethylene dicarbonate (LIEDC) [21927 which is formed when the lithiated Si is exposed to

the electrolyte due to crack formation because of volume expansion.
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6.2.1.1 Modeling of EMDOHC formation

The electrolyte species involved in the formation of the SEl is a1.15 M LiPFe/EC:EMC (3:7
vIv) thus we assumed that the SEI product formed is EMDOHC and that the growth of the
EMDOHC layer is one-dimensional. We also assume that the solvent species produced
during the dissolution reaction at the film/electrolyte interphase diffuses back to the
electrode/film interphase where it reacts with Liions to form EMDOHC. The formation and
dissolution of the EMDOHC because continuous expansion and contraction of the Si

electrode [240] js assumed to be

St — ks
S+Li*+e —*-\_kSi_Sp+P [6.1]

where Sp and P are the EMDOHC product and lithium propionate (CH3CH2COoL.i) by-

product formed due to the solvent reduction reaction at the surface of the Si electrode.

Assuming the rate of SEI formation and dissolution is a first-order reaction to the
concentration of the reacting solvent species, the rate of solvent decomposition can express

as
R =k, G - ké,zcspcp [6.2]

where ks1 and ks are the rate constants for the formation and dissolution of the SEI
respectively, and Cs, Csp and Cp are the concentrations of the solvent species at the Si

electrode, the EMDOHC products and the lithium propionate respectively.

We assume that the electrode/film interphase is the moving boundary and the
film/electrolyte interphase is stationary. The corresponding total material balance of the

solvent species is given as
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oCs 62C
ot D, Y

=k; ,Cs C, —ks Cs [6.3]

where Ds is the diffusion coefficient constant for Li through the SEI. The concentration of

the propionate is assumed constant, hence K ,C, =ks,. At any point in time t,
C; +C;, =constant =G, [6.4]
Hence, equation 6.3 can be expressed as

oC C,
ES_ 5o =ks .Gy (ks,1+ks,2)cs [6.5]

The boundary conditions for Eq. 6.5 at the electrolyte/film and film/electrode interphase

are given by
C, =C, atx=0, [6.6]

ks 2Co ef(ks,ﬁks,z)t n ks 2Co

C.=C e*(ks,ﬁks,z)t __s2~0 _Rsoo
S K1 tKs K1 +Ks

atx=L(t) [6.7]

From Eq. 6.2, the reaction between the solvent species and the Li ions is an equimolar
reaction. Thus, the fractional capacity loss due to the reduction in solvent concentration at

the electrode SEI interphase is equal to the fractional loss of Li ions consumed by the by-

product (CH3CH2CO-Li) during the formation of SEI (EMDOHC) and is expressed as

_G -G
Xemporc C [6.8]
0

and the active Li ions loss due to the formation of EMDOHC can be expressed as

Cavporc = XavporcCrreano [6.9]
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where Cmean,0 IS the initial mean concentration of Li ions at the beginning of cycling

The resistance, Rsel, due to the continuous formation of EMDOHC can be estimated
using an expression of the SEI thickness proposed by Sankarasubramanian and
Krishnamurthy [19] and is given by

_ XempoHc ( N ) Ny
Ry ®= ZpCpAKSH [6.10]

where no, Zp, Cp, Ai and Kgg are initial number of moles of Li ions in the electrolyte, the

stoichiometric coefficient of Li in the solvent decomposition reaction, the concentration of
Li ions in the solvent decomposition reaction, the area of the Si electrode and the

conductivity of the SEI, respectively.

6.2.1.2 Modeling of LIEDC formation
To calculate the fractional Li ions loss due to the formation of LIEDC, the area of the cracks
generated in the electrode after discharge was first evaluated. Using Paris Law formulation

to describe a surface crack of length a, growing with each charge/discharge cycle N,

?jaﬁ =k, [ O bRy | [6.11]

where ker merand b are constants. The maximum tangential stress, Oy, at the surface of the

electrode can be expressed as [14]

1 EQ (R
- = ce 6.12
o 45(1—u>[FDJeS<AL>pE 16:42]
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where E is Young’s modulus, Uis Poisson’s ratio, C2is partial molar volume, R is the radius

of the Si particles, lcen is current density, & is the volume fraction of the Si active material,

A is the geometric area and L is the thickness of the Si thin film. Integrating Eq. 6.20 yields

2 \em
_i{uz‘zmﬂ e | OV | 4 jNT " [6.13]
r,0

The number and length of cracks are assumed to be the same throughout the particle and

grow in depth into the particle during each charge half cycle. The initial number of cracks

over the particle surface assuming the density of cracks, 0, is constant can be expressed as
2
N, =47R"p, [6.14]

The newly exposed surface area as the crack grows is given as 2l (dacr) where ler is

the length of the crack. Hence, the total area related to the growth of cracks is given by
A, =87r|:22,ocracr|Cr and the changes in the total area after each charge cycle can be expressed

as

dAtr _dpbr dacr — 2 Mer % 6.15
dN - da dN _87[R Icrpcrkcr |:69,rmxb @r,0i| a [ ' ]

The newly exposed lithiated surface of the Si particle is assumed to be covered by SEI
(LIEDC) of thickness L%EDC. Hence, the total capacity loss due to the formation of LIEDC

can be expressed as

dQuenc _ Muienc L?_'EDC PuiencF ( 2 M _my )
i — i i i 87RY b 7 |
dN M o R P K |:06,max \/”acr,o] [6.16]
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and the fractional capacity loss in terms of Li ions loss due to the formation of LIEDC is

given as

X iepe = Q;'?EDC [6.17]
0

where niiepc is the number of Li atoms lost per LIEDC molecule formed, Qe is the

density of LIEDC, MLiiepc is the molecular weight of LIEDC and Qo is the initial capacity of

the cell. The active Li ions loss due to the formation of LIEDC is expressed as

Clienc = XieneCrreang [6.18]

6.2.2 Modeling of contact resistance

The contact resistance between the Si composite electrode and the copper current collector
was modeled using the idea of flux tubes, which was originally used in thermal and electrical

contacts [241-2431, The resistivity Ri of a single spot on the current collector is given by [244]

1.05

T a

[6.19]

where the mean electrical conductivity of the Kmean is the individual conductivities of the
silicon composited electrode K1 and the copper current collector Kz and aj is the radius of
the contact spot of the flux tube. Using parallel connection of resistivities, the total contact
resistance R, can expressed as

1_ 1 A

where Ngp is the complete number of spots.
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Since there is no external force exerted on the cell after assembly, the total number of
the contact spots is mainly due to the adhesion strength of the binding material between the

silicon composite electrode and the copper current collector. Hence, the total number of

contact spots depends on the coefficient of adhesion ,Ba = Fl/ ch and can be expressed as:

Zza,? =A(1-8) [6.21]

where Aa is the apparent contact area, and by inserting Eq. 6.31 into Eq. 6.30 we obtain

14Ky (Ag (1—ﬂa))% [6.22]

R 105 V4
The apparent contact area, Aa reduces as cycling proceeds owing the loss of contact

between the Si composite electrode and the copper current collector 2181 and it is expressed

as

A=Ao—As [6.23]

The contact radius between the Si particles and the copper current collector was
evaluated using a mathematical model that accounts for the attractive forces inside and
outside the actual contact area to calculate the elastic deformation of a sphere on a flat

surface [24%], The model was adopted based on the following assumptions:

1. The deformationsare purely elastic and are governed by Hooke’s law.

2. The materials in contact are elastically isotropic.

3. The Young’s modulus E and the Poisson’s U ratio remains constant under load.

4. The contact radius ac is relatively smaller compared to the radius of the silicon part

icles
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5. The atomic structure of the silicon particles is not considered

The contact radius can be expressed as

NG
1 E V2
8 =8 (Ej 1+(1—F—1j [6.24]

crit

where FX* =-157Ry, based on Johnson, Kendall, and Roberts (JKR model) 2461 [imit for

crit
force attraction inside contacts, ) is the adhesion force determined experimentally using

surface and interfacial cutting analysis system (SAICAS) and peel test [247.2%8] and ac, o is

the contact radius under zero external load which is expressed as

A e

where R is the radius and K is a function of the Young modulus E1, E2 and Poison’s ratio V4
, V, of the two materials in contact and is expressed as

-1

K=2 (1_V12)+(1_V22 ) [6.26]

3 B E,

The applied force, F1 by the maximum tangential stress, Oy generated during Li ion

insertion owing to the volume expansion of Si has been reported to be tensile at the center

and compressive at the surface with the same magnitude [24°1 and can be expressed as

c_m EQ( R Iy .
a5 (1) FD,, e (Al [6.27]
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We assumed that, the reduction in the contact radius, ac between the Si particles and the
copper current collector takes the form of a crack propagation. Thus, we adopted an

expression in the form of the Paris’ law formulation to represent a loss of contact of length,

ac,loss Increasing with each charge/discharge cycle N

daCﬂ_ m 6.28
N =k.Aa, [6.28]

where ke and mcare constants and the changes in the contact area can be expressed as

da, 1 F ) di
loss = __1
N Kedgo| 1 (2) 1+[1 j [6.29]

crit

The contact density, 0O, is define as the number of contacts per unit area of the electrode.

The contact density is assumed a constant and the initial number of contacts in the electrode

IS given as
N, =7R%p, [6.30]

where R is the radius of the silicon composite electrode. The area of the newly detached
surfaces during the charge/discharge process is expressed as 27l ., (dac,loss ) where Ic,loss i
the length of loss in contact. Hence, the total surface area associated with the loss of contact
IS given as

Aa,loss = 27[2 RZIOCaCJOSSICJOSS [6-31]

Thus, the loss in the apparent contact surface area as a function of the number of cycles can

then be expressed as:
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dph,loss _dAh,Ioss dac,loss _ 2ND2 _ (1) _i %
dN _damoss dN =27°R pckclc,lossac,o 1 1+1 [6-32]

6.2.3 Modeling of particle isolation

Li ions are trapped in physically isolated Si composite electrode during (de) lithiation
process. The effects of the physical isolation are considered under one variable, apparent

porosity and it is given as

Opp == 12 [6.33]

where Ajand Aiso are the initial surface area and the unavailable surface area duetoisolation.

To evaluate Aiso, we adopted and modified a previously phenomenological developed

model 1561 to include the effect of the adhesion force between the Si particles in the form of

the coefficient of adhesion 2501, £, =F/F; and is given as

Ao =Al(1-4,)(1-*") |+ AkieN [6.34]

where kiso and kirac are dimensionless evolution parameter for isolation and fracture,

respectively.

The concentration of Liions loss to the physical isolation of Si particles can be expressed

as

C|so = eappcmean,o [6-35]
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Owing tothe increase in the apparent porosity, Happ with cycling, the effective electronic

conductivity is expected to decrease according the expression
K =K, [1-(, + 6 ) ™ [6.36]

where the Bruggeman’s constant, Brugg is 1.5.

6.2.4 Modeling of Li ions inventory
The Li ions available after SEI formation and Si particle isolation is given by

Coean = Coreano (1-(Xzs + 6y )) [6.37]

However, due to the abundant Li ions supplied by Li metal, the mean Li ions concentration

increases with cycling. The excess Li ions is accounted for by modifying Eq. 6.37 to include
a step input in Li ion concentration, Cinean (N) The Si electrode is modeled as a plug flow

reactor with a recycling ratio, Reycle @s shown in the block diagram in scheme 6.2.

I Cmeﬂn.O (XSEI + gapp )

(Y Si electrode
mean.0 W

cvele —

O-Cmean (N) Ta
C

medn

Figure 6.2 Block diagram of Li ions inventory in the Si electrode

The steady-state output of the system shown in scheme 1 is given by:
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_ Creano (1_(XSE' +6,, ))

C._ = 6.38
i 1+ Rcycle (XSEI +9app) [ ]

Considering a step input to the system defined according to the following conditions:

aN<0,C_, =C

mean

0 @dN>0,C ., =Crean (N) [6.39]

where the expression for the step input concentration, Crrean (N) is determined by fitting the

excess concentration of Li ions from our previous report 2191 and is given by

Croan (N) = G0 (1€ )+ N [6.40]

where ki1, kiiz and ¢ are the fitting parameters.

The effect of this step is a step in the outlet concentration of Li ions during charging at
N =1. This result in a step tothe inlet concentration during charging at N = 1. The considered
input step becomes manifest in the outlet Li ions concentration during charging at N >2.
The solution of a material balance of Li ions entering the Si electrode at any time can be

expressed as

C

mean,in —

0C ey + [6.41]

Ry and g ="

Rcycle +1 Rcycle +l

the cycle is not consumed during the subsequent cycles, the concentration of the cyclable Li

Where o=

. Assuming the excess Li ions from the Li metal after

ions can be expressed as

cC - Roycle Creano (1_(XSEI +0,p )) N Crreano (1—e_k“‘N )+ K N
™ (1+Ryse) 1+ Ryge (X +64) 1+ R,

6.2.5 Modeling the effect of the PD interlayer

[6.42]
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The PD film may inhibit charge transfer at the surface of the electrode by completely

blocking the surface of the copper current collector so that charge transfer occurs at the

surface of the uncovered fraction, (1—(9). These effects are treated by assuming that the

rate constant for an electron transfer, kp, is a linear function of the coverage, 6,224,

k, =koo(1-6)+k30 [6.43]

where k3:0 is the rate constant for electron transfer at the bare copper current collector and

kg that for electron transfer through the PD film. The PD film also serves as tunneling

barrier causing exponential decrease in the electron-transfer rate with increasing thickness

of the film as
k, =k, (1-0)+kle ™6 [6.44]

Where £ is the tunneling barrier coefficient and d is the thickness of the PD film. The

surface of the electrode is passivated by a polymeric insulating film as cycling proceeds [2%2,

This result in an increase in the coverage of the insulating PD film and can be expressed as

(1-0)=(1-6)e™" [6.45]

where kg is the rate constant at which the coverage increases and (90 is the initial coverage

by the PD film prior to cycling. From Eq. 6.56 and 6.57 we obtain

Ky =kio (1-6)e™" +KJe 7 (1-e ™" (1-4,)) [6.46]

6.2.6 Coupling between lithiation kinetics and mechanical stress
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The transport of Li ions within the host silicon can be described using Ficks second law

described as
% +V-(-Dvc)=0 [6.47]

The chemo-mechanical coupling in Si was modeled by embedding the stress effect in Li

ion diffusion equation by empirically assuming the Li ion diffusion coefficient constant as

a function of both Li ion concentration and the stress state [156.249 jg, D= D(C, 0). The

effective Li ion diffusion coefficient D;ﬁ can be expressed as

Q
D =D, exp(— i-hT j [6.48]
B

where Ds,O is the Li ion diffusion coefficient constant at the stress-free condition, Oy, is the

hydrostatic stress which is defined as oy, =(c711+022 +033)/3 ( where 0j are the elements
in stress tensor), € is the partial molar volume of Li ion that defines the volume change due

to one mole of guest atom insertion into the host material, and kBT is the thermal energy.

As shown above, a diffusion-stress coupling model is used in the chemo-mechanical

coupling model to describe the intercalation induced stress. The stress tensor is made up of
two independent components, radial stress O, and tangential stressO;. The radial and the

tangential stress can be respectively expressed as [2521:

. 20 i o 2 _l r 2 4
O =3 (1—v)(r03 _[0 c, redr = _[0 c,r dr] [6.49]

QE (2 o 1 ¢
o =m(r—03 IO cavrzdr+F jo cavrzdr—cavj [6.50]
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From equations 6.58 and 6.59, we can calculate the hydrostatic stress as

o,+20, 20E (3 (v
=9 = = "¢, ridr—c 6.51
TTT3 9(1—v)(r03 Ji ca j [6.51]

;
where (3/ ra)LO crédr s the average concentration CaV(R) in the spherical volume of radius

r within the silicon particle of radius R. Under galvanostatic operation, the analytic solution

for the diffusion equation, Eg. 6.57 with the initial boundary conditions is [2531:

o(rt)= %+£{3f+;x 1%2( ;h!z,(rfa)) p(—ﬂﬁf)ﬂ [6.52]

n=1

where x—r/R, 7=Dt/R*and 4,(n=12,3....)are the positive roots of tan(4,)=4,.

The average concentrations using Eq. 6.62 can be expressed as [249]:

o 10)-c 5 {2 e B 2 5 LA o |

n=1

IR 3t
Cu(Rt)= C°+3(FD) T=Gt e [6.53]

By substituting Eq. 6.62 into Eq. 6.61 we obtain the solution for the hydrostatic stress as

5( )+ il( d ﬂhxﬂh SI?]“(X jh(;os(ﬂnx)eXp(ﬂﬁr)]} [6.54]

. -1 EQ IR
""3(1-v)FD

For our low rate intensive intercalation studies, we are much concerned with longer times.

Also considering the fact that our charge/discharge cycles are much longer than RZ/ D, the
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characteristic time for solid-state diffusion of Li ions within the silicon electrode, the

exponential terms in the hydrostatic stress equation move to zero and the summation can be

ignored. Hence, the hydrostatic stress equation reduces to

w5 o agay, o

PE

6. 3 Pseudo-two-Dimensional (P2D) model — Incorporation

The developed capacity fade model was coupled with the P2D model developed by Doyle
et al.[125.126] to predict the electrochemical performance of the Li/Si cells. The unit cell is
made up of a porous silicon active material with a porosity of 73 % and a polymer separator
with a porosity of 41 %. The porous parts are filled witha 1.15 M LiPFe in EC/EMC (3/7,
vIv). The copper current collector is coated with a PD film of thickness 16 nm. Figure 6.3 is

the schematic diagram of the Li ion cell modeled in this work.

A detailed description of the P2D model is given in section 1.4 and the governing

equations are presented in Table 1.1.

@ Ssillicon
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Figure 6.3. Schematic diagram of the cross section of the cell modeled in this study.
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6. 4 Results and discussion

6.4.1 Model validation

To validate the developed degradation model for Si composite electrodes, the
chemo-mechanical model was coupled with the P2D model to predict the charge profiles of
the two cell systems with PD-treated and Bare Cu current collector. The predicted discharge
profiles were fitted to the experimental dataand the model best fits are presented in Figure
6.3a and 6.3c, respectively. The experimental procedures used to obtain the experimental
data for the model validations are similar to those in section 5.2 of Chapter 5. A comparison
between the model predicted normalized capacity for the cells with PD-treated and bare Cu
current collector are presented in Figure 6.4b and 6.4d, respectively. The model best fits
were obtained by using a non-linear least square method, Lavernberg-Marquardt to extract
the fitting parameters in the two cell designs. The estimated standard deviations values are
quite small indicating a high correlation between the model predictions and the experimental
data as observed in Figure 6.4. The model parameters used for the simulations are presented

in Table 6.1.

Table 6.1. Table of electrode design parameters, fitting parameters and constants used for

the model prediction.

Symbol Parameters Value

Lp Si electrode thickness, pm? 8x107°
Ln Li metal electrode thickness, um 2 450 x 107°
Ls Separator thickness, pm2 20x 107
r Si particle radius, m 2 30x 107°
Ee Volume fraction electrolyte 2 0.73

Es Volume fraction of active material 0.21

Dsp Diffusion coefficient in LixSi, m? s d 3x 1071

D Diffusion coefficient of Li in electrolyte, m? s1¢ 3.93x 10710
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kn Li-metal rate constant, mol%-5m0-5g-1 ¢ 6.2 X107
K1 Electronic conductivity Si, S m1d 33
kp,0 Rate constant Si, (m s1) (mol m?3)0.74d 2x 10712
Crmean,0 Theoretical maximum Li concentration, mol m-34 3.11 x 10°
a, Cathodic apparent transfer coefficient d 0.26
a, Anodic apparent transfer coefficient ¢ 0.74
E Young’s modulus, GPa d 190
v Poisson’s ratio ¢ 0.218
Q Partial molar volume, m3 mol-1 d 8.9 x 107°
Mecr Paris law constant for crack propagation ¢ 2.5
e Density of contact points m22 1.67 x 10
Kiso Isolation evolution parameter ° 3.6 x107°
A Geometric area of Si electrode, m22 1.131x 107
F Faraday’s constant, C ¢ 96500
Ks,1 SEI formation rate constant, s1P 6.3 x 1073
ks,2 SEI dissolution rate constant, s1° 45x 107
Co Initial concentration of solvent species, mol m-3 1120
KsEl Conductivity of SEI, S m-1d 2.4 x107*
Ker Paris law constant for crack propagation ° 1.0 x 107°
ber Paris law constant for crack propagation ¢ 1.12
ler Crack width, m d 2.0 x 10710
Per Density of cracks, m2 2.5 x10%
Lieoc Initial LIEDC thickness, m 2.0 x 10710
MLiepc Molecular weight of LIEDC, g mol-! 161.95
Psl Density of SEI (LIEDC), g m-3d 2.11 x 10°
ke Paris law constant for loss of contact ° 5.9 x 10%°
Mc Paris law constant for loss of contact ¢ 2.5
I, loss Length of loss of contact, m 2.0 x 10710
Ko Rate constant for increase in PD coverage m st 1.74 x 1072
V) Tunneling barrier coefficient m- 2.678 x 107
kg Electron transfer rate constant, PD film, m s! 2.52%x 10713
lapp Current density, A m-22 5.1
% Initial PD film coverage 0.8

a8 Parameter set in cell design

b Fitted parameter

¢ Obtained from COMSOL library
d Parameters based on literature [14.238]
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Figure 6.4. Model best fit of experimental data for charge voltage profiles at some selected

number of cycles for Li/Si cells with (a) PD-treated and (b) Bare Cu current collector, and

normalized capacity of (b) PD-treated and (d) Bare Cu current collector.

6.4.2 Simulation results

The correlation between the film resistance and number of cycles for the cells with PD-

treated and bare Cu current collector is shown in Figure 6.5a and 6.5b respectively. The film

resistance is the sum of the SEI (EMDOHC) resistance and the contact resistance between

the Si composite electrode and the Cu current collector. The film resistance increased with

number of cycles with the rate of increase being higher in the cells with bare Cu current
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collector. The SEI (EMDOHC) resistance increased at a fast rate in the two systems at the
initial stages of cycling but remained constant as cycling proceeded. For the two cell
systems, the SEI (EMDOHC) resistance was almost the same at the end of the 500™ cycle.
Thus, the difference between the film resistances of the two systems is the contact resistance,
which increases linearly with cycling. This is in line with the experimental results reported
by Cho et al.[218], The changes in contact resistance is due to the difference in the adhesion
strength (7) of the two systems resulting in a difference in the loss in the apparent contact

surface area as shown in Figure 6.5c.

(a) 0.04 . . . . (b) 0.04 .
“«— PD-treated Cu — Bare Cu
= =
Q:,E 003 | o @E 003 —— Total
F - F —+— EMDOHC
x© —+—  EMDOHC o .- Contact L
§ 002 —=- Contact § 0.02 s
S S
wn (72}
2 2
o 001} o 001}
£ £ -
iI x M LI__ :—E-—U-v-v—v—v-v-v—v—v-v- V=V ~¥ V=V—V ~¥ VvV —§
0.00 ¥ —s . . . 0.00 . . . .
0 100 200 300 400 500 0 100 200 300 400 500
Number of Cycles Number of Cycles

(C) 1.00
sO
e
g
= 0.99 r
3
£
@
o 098¢
=
©
o) —e— PD-treated Cu
o —— Bare Cu
097 " " " "
0 100 200 300 400 500
Number of Cycles

Figure 6.5. Changes in the film resistance in the Li/Si cells with (a) PD-treated and (b)

bare Cu current collector, and (c) changes in the surface area.



6.4 Results and discussion 125

Even though the PD film reduced the contact resistance in the Li/Si cells, it also
increased the charge transfer resistance owing to its insulating-nature. This lead to a
reduction in the rate constant for electron transfer in the BV equation 2191, Figure 6.6 shows
the relationship between the rate constant (kp) and number of cycles for Li/Si cells with PD-
treated and bare Cu current collector. At the beginning of cycling, electrons tunnel through
the PD-interlayer, which leads to a reduction in the rate constant. The tunneling effect is a
function of the thickness of the PD-interlayer. As cycling proceeds, the coverage of the PD
increases due to the passivation of the surface of the Cu current collector with insulating

polymeric film [2321 which leads to reduction in the electron transfer rate constant.
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Figure 6.6. Correlation between the electron transfer rate constant and number of cycles for

the PD-treated and bare Cu current collector.

Figure 6.7a and 6.7b show the state of charge (SOC) at the beginning of each cycle and
at the end of charge (EOC) respectively. The initial SOC (Figure 6.7a), increased rapidly at
the early stages of cycling because of the consumption of Li ions to the formation of SEI
(EMDOHC). As cycling proceeded, there was a gradual increase in the initial SOC due to
additional Li ions loss to the SEI (LIEDC) when the lithiated Si encountered the electrolyte.

The rate of increase was higher in the cell with bare than that with PD-treated Cu current
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collector. Nevertheless, there was no significant difference between the SOC at EOC for the
two systems as illustrated in Figure 6.7b. The result in Figure 6.7b indicates that the amount
of Li ions loss to the formation of SEI was almost the same for the cells with a PD -treated
and bare Cu current collector as illustrated in Figure 6.7c and 6.7d respectively. Hence, the
changes in the initial SOC is due to the difference for Li ions loss to isolation that, is higher

for the cells with bare than those with PD-treated Cu current collector as illustrated in Figure

6.7c and 6.7d.
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Cu current collector.
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The relative contribution of the various degradation mechanisms to capacity fade in the
Li/Si cells with PD-treated and bare Cu current collector corresponding to the results in
Figure 6.3 are presented in Figure 6.8a and 6.8b respectively. The dominant degradation
mechanism in the two cell systems is the contact resistance, which contributed to ca. 13 and
32 % of the capacity fade of the cells with PD-treated and bare Cu current collector,
respectively. The enhancement in the contribution of the contact resistance to the capacity
retention is due to the reduction of the delaminated Si particles from the surface of the Cu
current collector by the PD film. However, the insulating-nature of PD film lead to an
increase in the charge transfer resistance which contributed to ca. 11 % of the capacity fade
of the cell with PD-treated Cu current collector. The difference between the contribution of
Li ions loss to particle isolation to capacity fade; ca. 4 and 14 % for the cells with PD-treated
and bare Cu current collector respectively, is attributed to the reduction in the amount of
delaminated Si particles which could have been physical isolated from the composite
electrode. The loss of Li ions to the formation of SEI (LIEDC) contributed only ca. 0.5 and
1.7 % to the capacity fade for the cells with PD-treated and bare Cu current collector,
respectively. Because, the amount of Li ions loss to the formation of SEI (LIEDC) cannot
account for the cumulative capacity retention due to the unlimited supply of Li ions from
the Li metal as shown if Figure C.1. Onthe other hand, the increase in resistance due to the
formation of the SEI (EMDOHC) contributed to ca. 12 % of the capacity fade in both cell
systems. The results obtained are in line with that reported in Chapter 5 when we conducted

a capacity fade analysis on the two cell systems.



6.4 Results and discussion

128
(@) 100 Orwgmmm T =
8- "B= g e = 8 -] " 5 I
= 80} < 80} Teel
S 5 A
S 60t S 60t
E) —— Total capacity loss E
> 40}~ Contactresistance > 40} —— Total capacity loss
8 = - SEl resistance (EMDOHC) S —v—  Contact resistance
< 0l o Liions loss (LIEDC) g 0l = - SEl resistance (EMDOHC)
© s+ Liions loss (Isolation) © o Liions loss (LIEDC)
— o - Charge transfer resistance ~ PD-treated Cu s Liions loss (Isolation) Bare Cu
0 : - : . 0 : - : :
0 100 200 300 400 500 100 200 300 400 500
Number of Cycles Number of Cycles

Figure 6.8. Relative contribution of various degradation mechanisms to the cumulative

capacity retention for Li/Si cell with (a) PD-treated and (b) Bare Cu current collector.
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6.5 Conclusion

In this study, a comprehensive chemo-mechanical model was developed to describe the
various degradation mechanisms of Li/Si cells and the effect of an adhesive film between
the Si composite electrode and Cu current collector on the capacity retention. The estimation
of capacity loss dueto SEI (EMDOHC and LIEDC) was based on conservation of Li ions.
The effect of particle isolation was captured in an apparent porosity. The idea of flux tubes
was adopted to calculate the contact resistance between the Si composite electrode and Cu
current collector where the JKR model limits were used to estimate the critical force. The
Li ions inventory during cycling was estimated by considering the Si electrode as a plug
flow reactor with recycle. Coupling between the lithiation kinetics and mechanical stress

was achieved by modifying the Fick’s law of diffusionin the P2D model to include the stress

effect.

The major capacity-fading mechanism in Si-based anode s the contact resistance, which
was reduced by ca. 18 % after treating the Cu current collector with PD film. The SEI
(EMDOHC) resistance contributed to ca. 12 % of the capacity fade. Li ions loss to isolation
of Si particles contributed to ca. 14 %, which was reduced to ca. 4 % by the presence of the
PD film. Owing to the excess supply of Li ions from the Li metal, there was no significant

contribution by Li ions loss to the formation of SEI (LIEDC) to the capacity fade.



Chapter 7

Application of chemo-mechanical model: Design

and optimizationof high energy density electrodes

7.1 Introduction

A chemo-mechanical degradation model for describing and quantifying the capacity-fading
mechanisms of anodes with huge volume expansions and different adhesion strength was
presented and validated in Chapter 6, using coin cells with Si anode and Li metal reference
electrode and bare and PD-treated Cu current collector. This chapter explores the application
of the chemo-mechanical degradation model to design and optimized electrodes with high
specific energy density. The main optimization parameter considered in this Chapter is
adhesion strength between the composite electrode and the current collector because
adhesion strength reportedly have a significant effect on the electrochemical performance of
anode material with huge volume expansion such as Si [217:218] Design and optimization
considering such optimization parameter in anode materials with huge volume expansion is

of significant relevance in integration of high energy density active materials into LIBs.

Experiments and simulation-based optimization methods have been adopted tostudy the
effect of various cell design parameters on the electrochemical performance of LIBs [24-
2571 Choietal. [258] reported astudy onthe effect of the LiCoO2 cathode density and thickness
on the on the rate capability and cycling performance of the Li ion cells. The authors

concluded that, an increase in the thickness of cathode resulted in a significant decline of

the rate and cycle performance of the cell. However, changing the cathode density did not
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have any significant influence on the performance of the cell. Zheng et al. [25% investigated
the influence of the thickness of LiNii/3C013Mn1/302 and LiFePOa4 electrodes on the rate
performance, energy density, power density, and long-term cycling behavior of LIBs.
Similar to the observation made by Choi et al., the electrode thickness had a profound impact
on the electrochemical performance of LIBs. The authors correlated the deterioration in the
rate performance to the retardation of the transport of Li ions in the electrode owing to the
increase in the thickness of the electrodes. Yu et al. [260] conducted tests on coin cells
composed of LiFePO4 cathode and a graphite anode while varying the electrode thickness
and active material density. Inaddition, they used an electro- chemical model to analyze the
observed effects on cell performance and concluded that ion transport in the electrolyte

phase decreases in the case of dense electrodes.

On Sianodes, optimizations are performed toeradicate the issues related to capacity fade
due to volume expansion of the Si particles. Lie et al. [2611studied the dependence of fracture
on Si anodes by varying the particle size of the individual particles. Upon lithiation of the
individual particles of different sizes, they discovered a strong dependence of fracture on
the particle size from which they concluded that, the critical particle diameter beyond which
the particles neither crack nor fracture was 150 nm. The optimization of the adhesion
strength between Si composite electrode via using a more adhesive binder have been

presented in previous reports [262-2641 OQptimization of the adhesion force between the Si
composite electrode via the coating of the surface of the current collector by an adhesive
thin film was reported by Cho et al [218], Therein, the authors reported that, increasing the
adhesion force between the Si composite electrode and the current collector enhances the
electrochemical performance of thecells. However, the effect of othercell design parameters

such as thickness, particle size and porosity, and the maximum adhesion strength required
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were not considered, probably due to the huge amount of time involved in carrying out such
experiments. Using a multiphysics microstructure-resolved model (MRM), Wang et al. (2%
investigated the specific and volumetric capacities of Si nano wall/Li cells as a function of
size, length/size ratio, spacing of the nanostructure and Li ion concentration in electrolyte.

However, the effect of design parameters related to capacity decay was not considered.

The main objectives of this Chapter are to use the developed chemo-mechanical
degradation model to investigate the effect of particle size, porosity, thickness and Li ion
concentration, in tandem with the adhesion strength between the Si composite electrode and
current collector on the specific capacity of Si/Li cells. The chemo-mechanical model
predictions are validated with experimental data obtained from Si/Li cells with bare, PD-
treated and a cross-link between the PD and the polymeric binder treated Cu current
collector. In addition, the effect of the design parameters of the thin film polydopamine
interlayer such as thickness and porosity on the cycle performance will be investigated.

A large part of the work presented in this Chapter was published in [250] presented at the
Americas International Meeting on Electrochemistry and Solid State Science (AIMES

2018), the 234™ Meeting of The Electrochemical Society (ECS) held at Cancun, Mexico.

7.2 Experiment

In order to meet the optimization objective based on the adhesive strength between the Si
composite electrode and the current collector, we designed three types of cells with different
adhesion strength as shown in Scheme 7.3. The detail of the cell fabrication and

electrochemical test are similar to that described in Chapter 5. The difference is the cell with
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the cross-linked PD and polymeric binder, which was achieved by heating the cells with PD-

treated current collector overnight in a vacuum oven at 80 °C. The rate performance

characterization of the as prepared Si electrodes was conducted using 2032 coin-type half-

cells (Si/separator/Li metal) at 25 °C and various discharge current rates.
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Figure 7.1. Schematic diagram of cell designs used in this study.

7.3 Results and discussion

7.3.1 Experimental results

Figure 7.2 shows the rate performance of the Si electrodes prepared by using a bare
(bare), polydopamine (PD)-treated (PD-treated) and crosslinked PD-treated Cu current

collector (crosslinked). The charge capacity of the cell strongly depends on the current rate.
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Hence, an increase in the current rate for the three cell designs lead to a decrease in the
charge capacity. The observed decrease in capacity can be attributed to the retardation of Li
ions diffusivity due to the compressive stress generated during lithiation [265.266] At high
current rate, the compressive stress is sufficiently high to detain lithiation, leaving
unlithiated particles electrochemically inaccessible and thereby resulting in a reduced
capacity. However, the rate at which the capacity decrease as well as the initial capacity
depended on the adhesion strength between the Si composite electrode and the current
collector which is 245, 297.6, and 352.2 N m™! for the bare, PD-coated and the crosslinked
respectively as confirmed by using a surface and interfacial cutting analysis system
(SAICAS). Asshown in Figure 7.2, cell with the crosslinked PD-treated Cu current collector
gave a higher initial capacity and a better rate performance as compared to that with the PD-
treated and bare current collector. This was due to the ability of the crosslinked PD-binder
to maintain the contact betweenthe electrode and the current collector even at higher current

rate where the compressive stress was quite high.
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Figure 7.2. Experimental rate performance and the Peukert coefficient of the Si composite

electrodes prepared by using a bare, PD-treated Cu and crosslinked Cu current collector.
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Figure 7.3 also illustrate the Peukert coefficients, which were determined by fitting the
charge capacities of the various cells at specified current rates (ranging from 0.5 C to 2 C)
to the Peukert’s law. The Peukert’s law is given as C=i*xt, where k is the Peukert
coefficient and t is the nominal charge time (in hours) for a specific C-rate (in Amperes),
and C is the theoretical capacity of the specific cell under consideration. To be specific, a
higher Peukert coefficient value signifies a lower cell rate performance. As the adhesive
strength increased, the Peukert coefficient reduced, indicating the dependence of the rate
performance on the adhesive strength between the composite electrode and the current
collector. The Peukert law assumes that, at a given current rate all the reaction occurring in
the electrode goes to completion. Nevertheless, for the all the three cells the electrode
reaction did occur to completion during the charging process and the cut-off potential was
reached preceding the completion of the electrochemical reaction at the surface of the
electrodes with the rate of completion being higher in cells made with bare Cu current
collector. This impromptu reaching of the cut-off potential can be related to both the
polarization caused by high internal contact resistance and to the slow diffusion of Li ions

due to the generated compressive stress as a result of large volume expansion [2671,

7.3.2 Model validation

To validate the chemo-mechanical model, the experimental voltage profiles of the three
cells with bare, PD-treated and cross-linked Cu current collector, during the galvanostatic
charging at various current rates of C/2, 1 C, 1.5 C and 2 C were simulated and validated
with the experimental data, and presented in Figure 7.3. The solid lines illustrate the
predicted values, which were based on the parameters listed in Table 6.1. The simulated

charge profiles were in good agreement with the experimental data for all the current rates
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but with slight deviation at the initial stages of that at a current rate of 2 C. The simulations
were conducted under the same condition for all the three cases. As the charge rate was
increased, there was a slight steady increase in the IR drop. The increase in the IR drop was
more visible in the cells with the bare Cu current collector as compared to the PD treated
and the cross-linked Cu current collector. In addition, the initial charge capacities of the
three cells were different with the cells with the cross-linked Cu current collector exhibiting
the highest charge capacity. The enhanced adhesion strength between the silicon composite
electrode and the current collector for the PD-treated and cross-linked Cu current collector
was due to the formation of covalent bonds by the coating layer 32, Thus, the difference
between the IR drops in the voltage profiles as well as the difference in the initial discharge
capacities of the three cells can be attributed to the adhesion strength between the Si

composite electrode and the current collector.
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Figure 7.3. Experimental and simulation voltage profiles of the three cells with (a) bare (b)
PD-treated and (c) cross-linked PD treated Cu current collector, during the galvanostatic
charging at various current rates of C/2, 1 C, 1.5 C and 2 C based on the parameters listed

in Table 6.1.

7.3.3 Simulation results

Figure 7.4 shows the simulated salt concentration profiles across the Si composite electrode
for the three cells at the end of the galvanostatic charge (lithiation) at different current rates.
The normalized distance indicates the distance from the electrolyte/Si composite interface
(0) to the Si composite/current collector interface (1). The salt concentration at both the
electrolyte/Si composite and the Si composite/current collector interface varies according to
the adhesion strength between the Si composite electrode and the Cu current collector. The
polydopamine in addition to enhancing the contact between the Si composite and the Cu
current collector also alter the surface of the Cu current collector from hydrophobic to
hydrophilic with the hydrophilicity being higher in the crosslinked PD binder. The enhanced
hydrophilicity increased the supply of Li ions to the surface of the Si particles. This analogy

was demonstrated experimentally by Cho et al. [2181 when water droplet was dropped onto
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the surface of each treated and bare current collector. The PD treated Cu current collector
had a much smaller contact angle of 46 ° than the bare Cu current collector, which had 93 °.
This can be attributed to the presence of the polar functional groups in the polydopamine
which contains nitrogen and oxygen [268.269] A[so, it can be deduced from Figure 7.4 that,
the rate at which the salt concentration decreases across the cell for all the three cells were
identical at each current rate but the rate is quite higher at the 2 C current rate owing to the

solution phase limitation in LIBs [222:270],
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Figure 7.4. Simulated salt concentration profiles across the Si composite electrode for the
bare, PD-treated and the cross-linked Cu current collector at the end of lithiation at (a) 0.5
C current rate and (b) 2 C current rate. The normalized distance indicates the distance from

the electrolyte/Si composite interface (0) to the Si composite/current collector interface (1).

Figure 7.5 shows the Li ion concentration in the solid phase across the Si composite
electrode at the end of the lithiation processes for the three cells designs. The simulation was
performed at a low current density of 0.5 C for Figure 7.5a and high current density of 2 C
for Figure 7.5b. Similar to the results obtained in Figure 7.4, the Li ion concentration in the
solid at the two interfaces are different for the three cells, even though a similar binding

material (PAA)was used in the electrode. The only difference is the adhesion force between



7.3 Results and discussion 139

the Si composite electrode and the Cu current collector. This illustrates the effect of the
adhesive strength between the Si composite and the current collector have on the capacity
of the cell. That is, the cell with the cross-linked Cu current collector exhibited a relatively
higher capacity than that of the PD-treated and bare Cu current collector due to its higher Li
ion concentration across the Si composite electrode as compared to the other two. Different
from the results obtained in Figure 7.4, the rate at which the Li ion concentration reduces
across at the two current rates considered in this study was almost the same. This signifies
that, the solid-state diffusion limitations are not dominant in the cells considered in this study

probably due to their higher porosity of 0.85.
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Figure 7.5. Simulated Li ion concentration in the solid phase across the Si composite
electrode for the bare, PD-treated and the cross-linked Cu current collector at the end of the

galvanostatic lithiation at (a) 0.5 C current rate and (b) 2 C current rate.

Figure 7.6 illustrates the contact resistance and the adhesive strength between the Si
composite electrode and the current collector as a function of the current for the three cells.
The adhesive strength was determined at the various rates by fitting the model predictions
to the experimental data using the Levernberg-Marquardt non-linear least squares fitting

technique. From Figure 7.6a, the contact resistance increased linearly with an increase in the



7.3 Results and discussion 140

current rate. The experimental rate performance was conducted over 30 cycles at the end of
the 3 C current rate. In view of this, the contact area between the Si composite electrode and
the Cu current collector reduces. This led to the gradual increase in the contact resistance.
Experimentally, it has been reported that, the Si composite electrode losses physical contact
with the Cu current collector as cycling proceeds [218.239.271] and thereby increasing the
contact resistance at the interface, which is in line with the results presented in Figure 7.6a.
Moreover, the contact resistance in Fig 7.6a increased linearly with a decrease in the
adhesive strength at the various current rates. This is because, as the adhesive strength
increases, the contact area between the Si composite electrode and the Cu current collector

also increases resulting in a lower contact resistance.

From Figure 7.6b, the adhesive strength of the three cells at the surface of the Cu current
collector reduced as the current rate increased form 0.5 C to 3 C. As mentioned earlier, the
rate performance was done over a number of cycles, thus as the number of cycles increased,
the contact area between the Si composite electrode and the Cu current collector reduces due
to the compressive stress induced at the interface owing to the volume expansion of the Si
particles. The reduction in the contact area can be attributed to the weakening of the adhesive
strength of the coatings at the interface as cycling proceeds. Thus, from Figure 7.6b the
adhesive strength reduced with cycling, with the rate of reduction being higher in the bare
Cu current collector due to its low initial adhesive strength. The adhesive strength of the

cross-linked, PD-treated Cu and the bare Cu current collector decreased by ca. 48, 25, and

22 % respectively after 3 C current rate.
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Figure 7.6. (a) Contact resistance and (b) Adhesive strength between the Si composite
electrode and the current collector as a function of various current rates for the bare,

PD-treated and the crosslinked Cu current collector.

Figure 7.7 show the simulated results for the specific capacity as a function of the
adhesive strength as well as different electrode thicknesses, salt concentrations, particle
sizes, and electrode porosities, at current rates of 1 and 4C. The specific capacity increases
with increasing adhesive strength in all four cases for both current rates. Increasing the
electrode thickness results in a decrease in the specific capacity, with a higher rate of
decrease at the 4C rate compared to that at 1C (Figure 7.7a). On the other hand, increasing
the initial salt concentration (Figure 7.7b) does not significantly increase the specific
capacity at either the low or the high current rate. The specific capacity decreases with the
growth in particle radius, with a higher rate of decrease at a high current rate (Figure 7.7c).
The specific capacity increases as the electrode porosity declines for both current rates
(Figure 7.7d). However, the specific capacity decreases after the electrode porosity
decreases below 0.5 and 0.6 for the lower and higher current rates, respectively. Inaddition,

beyond an electrode thickness of 20 um (Figure 7.7a) and particle radius of 75 nm, the
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specific capacity is insignificant at the 4C rate for the lower adhesive strength but increases

as the adhesive strength increases.
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Figure 7.7. Specific capacity as a function of the adhesive strength and (a) Electrode

thickness (b) Salt concentration (c) Si particle size and (d) Electrode porosity, at different

current rates of 1C and 4 C.

The developed degradation model was used to study the effect of the design parameters
of the PD thin film on cycle performance. The obtained results are presented in Figure 7.8.
From Figure 7.8a, increasing the adhesive strength did not have any effect on the capacity
retention during the first 50 cycles but showed a significant increase as cycling proceeded.
Because, at the beginning of cycling, the SEI resistance controls the capacity fade, however
increasing adhesive strength reduces the contact resistance (Figure C.2a) and Li ions loss to

particle isolation (Figure C.2b) which control the capacity fade at the later stages of cycling.
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Previous experimental studies, suggested that, the coverage and thickness of the PD film
could be regulated depending on the type of oxidant and deposition time 2721, Increasing the
thickness of the PD film from 8 nm to 96 nm for a completely coated Cu surface (coverage
= 1), resulted in a decrease in the initial charge capacity but the rate of capacity fade
remained almost the same. A further increase in thickness beyond 96 nm lead to a further
decrease in the in initial charge capacity and drastic increase in the rate of capacity of fade
(Figure 7.8b). Because, increasing the thickness of the PD-film slows the charge transfer
rate (Figure C.3a) owing to the tunneling of electrons through a thicker insulating-layer [273],
However, for a partially covered Cu surface (coverage = 0.8), increasing the thickness of the
PD film did not have any significant effect on the capacity retention during the first 200
cycles but reduced as the number of cycles increased with rate of capacity fade being higher
for thicker PD films (Figure 7.8c). Because, even though the thickness of the electron
tunneling layer is increased, the rate of charge transfer on the uncovered part of the Cu
current collector is very high which nullifies the electron tunneling effect at the initial stages
of cycling. As cycling proceeds, the uncovered part of the Cu current collector is passivated
by an insulative-polymeric layer [232] resulting in a reduction in charge transfer rate (Figure
C.3b) and dominance of the tunneling effect. Increasing the PD film coverage, resulted in a
decrease in the initial charge capacity but the capacity retention was better for cells with a
higher PD film coverage than those with lower PD film coverage (Figure 7.8d). Because a
lower PD film coverage increases, the rate of charge transfer at the initial stages of cycling
but the rate gradually reduces as cycling proceeds (Figure C.4) owing to the covering of the
uncovered surface by an insulating polymeric film. The reduction in the capacity retention
as the PD film coverage reduced, was due to the increase in the contact resistance (Figure
C.5a) and the increase in the Li ions loss to isolation (Figure C.5b) owing the large amount

of delaminated Si particles.
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Figure 7.8. Effect of PD film design parameters: (a) adhesion strength, (b) PD film thickness

(coverage = 1), (c) PD film thickness (coverage =0.8), and (d) PD film coverage on capacity

retention of Li/Si cells.
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7.4 Conclusion

The proposed chemo-mechanical model was used to investigate the specific capacity as a
function of Si electrode thickness, Li ion concentration in the electrolyte, Si nanoparticle
size and porosity. Increasing the adhesive strength between the Si composite electrode and
Cu current collector by coating the latter with binder materials of different adhesive
strengths increases the contact radius between the Si particles and current collector surface,
thus reducing the contact resistance and enhancing the electrochemical performance of the
cell. The adhesive strength is reduced with increasing cycle number due to volume
expansion, resulting in an increase in the contact resistance. The specific capacity decreases
with an increase in both the Si electrode thickness and particle size at both high and low
current rates, with a lower rate of decrement for cells with higher adhesive strength. The
developed model can be used for cell design optimization and as a guide for selecting a

binder to coat the current collector with a specific adhesive strength for a given application.

In addition, the chemo-mechanical model was used to study the effect of a thin film
interlayer on the cycling performance of Li/Si cells. Increasing the adhesion strength
between the Si composite electrode and Cu current collector enhanced the capacity retention
until a threshold (ca. 2.5 times of the adhesion strength of the bare Cu current collector
system) where the capacity fade is no longer controlled by contact resistance and Li ions
loss to particle isolation. A thinner PD film interlayer between the Si composited material
and the Cu current collector with a coverage of ca. 0.95 is more suitable for a better
electrochemical performance of Si-based Li ion batteries. Replacing the insulating PD film
with a conductive adhesion film will aid in improving the capacity retention of Si-based

anodes for LIBs.



Chapter 8

Conclusion and future work

This work presents a holistic approach for the diagnosis and modeling of capacity fading in
Li-ion cells with high energy density active materials. The cell degradation information on
the individual active materials contained in the parameters that changes with cycling in a
multiphysics-based model is exploited to identify the nature and extent of the capacity fade.
To further predict the capacity-fading mechanism and eliminate possible long-term cell
failures, holistic models describing the identified degradation mechanisms are developed to
quantify the contribution of the various capacity-fading mechanisms. The devised
comprehensive models are employed to theoretically design robust electrodes that can
withstand the major degradation mechanisms and to propose a fast but accurate accelerated

cyclic aging analysis method for Li ion batteries.

8.1 Contributions

The contributions of this work can be summarized as follows:

1. A physics-based model capacity fade analysis of spinel-based cathode materials for
Li-ion batteries [185],

2. A mathematical model for the cyclic aging of spinel-based cathode materials for
Li-ion batteries [192],

3. Time-effective accelerated cyclic aging analysis of Li-ion batteries using developed

physico-chemical model [211],
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4. A multiphysics-based capacity fade analysis of high volume expansion anodes with
an adhesive thin film interlayer [21°],

5. A comprehensive chemo-mechanical degradation modelon the cyclic aging of anode
materials with high volume expansion.

6. Design and optimization of robust and high energy density electrodes for Li-ion

batteries using developed chemo-mechanical degradation model [250],

8.1.1 Multiphysics-based model capacity fade analysis

To address the issues related to non-destructive but effective means of extracting
capacity-fading mechanisms of Li-ion cells, a multiphysics-based model (P2D model)
alongside a parameter estimation method (the Levernberg-Marquardt method) was used to
identify the various degradation mechanisms of high energy density electrodes. Based on
the monitoring of the model parameters that changed with cycling using the
Levernberg-Marquardt parameter estimation method. This approach was effectively applied
to identify the degradation mechanisms of two different cells systems: Spinel-based cathode

material and graphite Li-ion cell, and silicon anode with a bare Polydopamine treated Cu

current collector.

The capacity fade analysis method using the non-destructive multiphysics-based model
was effectively used to unveil the dependency of the degradation mechanisms of various
active materials on temperature. The major degradation mechanisms of various active
materials at different operating conditions can be identified and addressed effectively
without spending much time or resources by this approach. The positive and negative effects

of the measures taken to address degradation issues such as the use of adhesive thin films to
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eliminated delamination problems in high volume expansion anodes can be ascertain using

this non-destructive capacity fade analysis method.

8.1.2 A capacity fade model for spinel-based cathode materials
The key features of the developed capacity fade model are its ability to

e account for most of the chemical degradation mechanisms in Li-ion batteries.
e account for different operating conditions such as temperature and cut-off voltages.

e be adopted for different cell chemistries.

Even though the parameterization of the developed physico-chemical model is difficult,
it takes into account different operating conditions such as temperature and cut-off voltages,
which are known to have a great influence on the capacity fading of Li-ion batteries. For
most developed physics-based degradation model, only the degradation effect on the anode
such as the formation of SEI at the anode are considered. However, the degradation of the
cathodealso plays a significant role in the capacity fading of the cell and must be considered.
Thus, a comprehensive capacity fade model that considers most of the chemical degradation
in both the cathode and anode is a necessity for accurate prediction of cell cycle life and

detection of long-term failures for safety reasons.

8.1.3 A time-effective cyclic accelerated aging analysis framework
Critical innovations in the proposed framework include its

e ability toaccount for the degradation mechanisms of different active materials from

the PCM-PCEM.
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e ability to determine the maximum upper limit temperature required for accelerated
cyclic aging analysis with few experimental data.

o simple yet effective and accurate

The proposed framework can be applied to different cell chemistries since the
PCM-PCEM model adopted in the framework considers both the linear and non-linear
relationship between capacity decay and number of cycles. This makes it suitable for
describing and effectively predicting the cycling performance of Li-ion cells with different

active materials at different operating conditions such as temperature.

The adopted PCM-PCEM can effectively predict the cycle performance at different
temperatures after validating it with experimental data obtained at two extreme
temperatures. Thus, the number of experiments required to determine the maximum
temperature at which the accelerated cyclic analysis can be conducted without altering the
degradation mechanism is reduced to only two. This makes the proposed framework time

effective and less expensive since the number resources required is less.

Even though the adopted PCM-PCEM is difficult to parameterize, the SELM developed
from the predicted data is quite simple and easy to parameterize. The coupling of the
sophisticated but accurate PCM-PCEM and simple SELM for the accelerated cycling aging
analysis based on two sets of experimental cycling data, makes the proposed framework

simple, accurate and easy to apply.

8.1.4 A chemo-mechanical degradation model

The crucial features of the chemo-mechanical model include its ability to

e account for both chemical and mechanical degradation mechanisms.
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e account for adhesion properties in the electrode
e be adopted for different cell chemistries.

o used for developing robust electrodes with high specific capacity

Unlike previously reported degradation model, the chemo-mechanical model developed
in this work simultaneously account for both chemical and mechanical degradation. This
feature makes it plausible for describing the cycle performance of electrodes, which
experience both degradation mechanism owing to volume expansion of particles. Adhesion
force is one of the most important parameters considered in designing robust electrodes to
withstanding huge volume expansion and improve cycle life of Li-ion secondary batteries.
Thus, a model that considers this factor can aid in designing better electrodes with high

specific capacity and long cycle life.

Even though the model was developed for anode with materials with high volume
expansion, it can be adopted for other cell chemistries with little or no volume expansion.
Because the chemical part of the model considers almost all the chemical degradation
mechanisms of active materials employed in Liion batteries. The mechanical part deals with

the crack formation and effect of volume expansion on the lithiation kinetics.

8.1.5 Practical relevance

The main motivation behind the work presented in this thesis is the importance to practical
application. The developed models were built for and validated with state-of-the-art coin
cells made from commercially available active materials. This work is purposed to be
applicable to Li ion battery life-time prediction systems and design of new electrodes

materials with high specific energy and enhanced cycle life.
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Life-time prediction systems of Li-ion batteries utilizing the framework presented in this
work can operate in this manner. The physico-chemical model incorporated into a porous
composite electrode model (PCM-PCEM) is validated with experimental dataobtained from
cells at room and extreme temperatures. The validated PCM-PCEM is used to predict the
cycle life of the cell at different operating temperatures. The data obtained from the model
predictions are used to developasimple life empirical model (SELM). The developed SELM
is then used to extrapolate the number of cycles obtained at the various high temperatures to
room temperature. The parameters of the SELM can be used to determine the maximum
temperature beyond which the degradation mechanisms changes. This maximum
temperature is then used to determine the number years the battery can last before reaching

the minimum capacity required for granting a warranty.

The models developed in this thesis can be used todesign new electrodes in this manner.
The model is used to quantify the degradation mechanism of the electrode by fitting the
model predictions to experimental data obtained from Li-ion cells comprising the electrodes
of interest. The identified major contributing degradation mechanism can then be controlled
using various remedies. The effect of electrode physical parameters can be regulated to
analyze their effect on the various degradation mechanisms. Physical parameters that have

positive effects are experimentally modified accordingly.

Greater certainty about the reliability of life prediction under real operating conditions
can be a major step for dependable integration of Li-ion batteries into vehicles and
elimination of warranty issues. Hence, the findings presented in the work are of both

technological and commercial interest.
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8.2 Future work

A number of avenues for further research on modeling and simulation of high energy density

Li-ion batteries have been unveiled because of the studies conducted in this thesis.

8.2.1 Modeling of Ni-rich cathode materials

Replacing Co with Ni in layered structured cathode active material have been reported to
yield higher lithium utilization and thereby higher specific capacities. The energy density of
Ni-rich cathode (800 Wh kg!) materials are by far one of the highest in Li ion batteries.
However, this material suffers from cation mixing owing to the similar radius of Li* (0.076
nm) and Ni2* (0.069 nm). This phenomenon causes problems such as capacity loss and
structure deterioration, acceleration of capacity fade due to side reaction at elevated
temperatures and poor thermal stability [311. The mechanism constituting the capacity fade
is complex and the impact of each degradation mechanism is not well quantified. Thus, an
extension of the work presented in this thesis to identify, quantify and model the various

degradation mechanisms of Ni-rich cathode material is of great interest in my future work.

8.2.2 Exploring the negative side of adhesive thin film interlayers

The major reason for the failure of high energy density anode materials such as Si is huge
volume expansion. This leads to pulverization, delamination, and formation of unstable SEI.
To deal withthis issue, particularly for delamination, the use of adhesive thin film interlayers
has proven to be effective. However, as presented in this work, these thin film interlayers
have both positive and negative sides. The information provided in this work about the

negative side was limited to only the mechanical reasons. However, to understand and



8.2 Future work 153

improve the performance of these adhesive thin film interlayers, there is the need to couple

the capacity fade model designed in this work with molecular dynamics simulation (MDS)

to explore the chemical effects.

8.2.3 Investigation into degradation mechanisms of large format Li ion cells

One of the major drawbacks of theresults presented in this work is that, the developed model
was validated with experimental data obtained from coin cells. Unlike large format Li-ion
cells, the heat generated from coin cells are easily dissipate thus energy balance equations
were ignored. However, real battery systems employ large format cell and pouch cell system
where the heat generated can lead to safety issues and must be accounted for in degradation
models. Thus, the model developed in this work will be extended to large format Li-ion cells

to include thermal effect in the model.

8.2.4 Short term future research

My short-term goal is to apply the developed framework to large format batteries and
battery pack systems composed of different cell chemistries. This will help to develop
commercially applicable degradation models based on identified degradation mechanism
during the operation of the batteries and to accurately predict their end-of-life. Post-mortem
analysis will be conducted on the faded cells to confirm the identified degradation
mechanisms. This will improve the fundamental understanding of the degradation
mechanism and enable the development of a chemistry-agnostic degradation model for
battery lifetime prediction and accelerated aging analysis. A principled classification of the
degradation mechanism based on decision making theories such as the Bayesian theory will
be conducted compared to just qualitative analysis.

My long-term goal is to extend my modeling and simulation skills to other

electrochemistry systems such as solar cells, electrochromic devices, and fuel cells.
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Appendix A

A.1 Model development: SEI formation at cathode

A.1.1 Definition of the Li-ion loss due to SEI formation

The loss of Li ions due to the formation of SEI at both cathode and anode can be defined as

(t)= amount of lithium ions consumed
initial amount of lithiumions available for cycling

- NLi(consumed) NLi(intial) - NLi(t)

= : [A1]
NLi(initiaI) NLi(intiaI)
Dividing the numerator and the denominator by volume (V) yields
C....—C.
X(t)z Li(inial) ~ Li(t) | (A2]

C

Li(intial

Att =0, the concentration of the solvent at the electrolyte/electrode interface is equal to the

bulk electrolyte solvent concentration, Ceq(u), because there is no SEI formed on the

electrode surface. Hence, at z=1(0)=0, Cu@nmau) = Cequi

) Thus, Eq. [A2] becomes

[A3]

From the stoichiometry of the reaction,

2Ce1i) =Cegs) and 2C; =G, [A4]
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Substituting Eq. [A4] into Eq. [A3] gives

x(t)= Ceas) ~Cst) _ [A5]

A.2 Transportequations

From total mass balance on the solvent component, S, we know that

ags,i +8Jazz,s,i -0 i=p,n- [A6]

Fick’s second law can then be used to describe the transport of the solvent species in the SEI

layer as follows:

a‘]z,s,i — _D 82CS,i

az S 822 1 [A7]

where Ds is the solvent diffusivity through the SEI layer. This value is assumed constant for

both the cathode and anode SEI.

Assuming a uniform concentration of component S over the entire surface, the general

material balance of component S at the SEI interface can be written as

dN,;

fs,i(in) - fs,i(out) + IFs,i\/ - dt

[A8]

Assuming that there is no accumulation of component S at the interfaces and that all of the

S component that diffused into the interface undergoes complete reaction,

d';'ts’i —0 and  f,, =0. [A9]

Hence,
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i =TV . [A10]

From the definition of molar flow rate, the flow of solvent into the interface can be written

as
fs,i(in) =V—=. [Al1]

Hence, for the anode we obtain

a('\’S,n

—Tn = kS,ZCs,n + le,4Cs,nCMn2+ _kIS,3CpCe = 7 [A12]

Eq. [A12] is the expression for the rate of the formation and dissolution of the SEI layer and

of the reaction of the deposited Mn with the electrolyte at the anode. From Eq. [A7] and

[A12] we obtain

OCs,

DS,I’] azz

Ks 2Csn +K:Cs.C, e —Ks2C,C. [A13]

4™~S n MnZJr

The concentration of ethylene and Mn(I1) ions are assumed to be constant, so we can write

ks 3 =Ks :C,and ks , =k ,C,. Atany point in time t,
G, +C, =constant =C,,. [A14]

Hence, equation [A13] can be simplified to

0°C,,
D ’ _CS,n(kS,Z +ks,s"’ks,4)_ks,3cs,o- [A15]

By aZZ -
The boundary conditions for Eq. [A15] at the film/electrolyte interphase are given by:

Cs,=Csoatz=0 [A16]
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The boundary condition at the electrode/film interphase can be derived by solving for the

rate of consumption of the solvent as follows:

dc; ,
_ d:,_:csyn(ks,z+ks,3+ksy4)_ksyscsyo. [A17]
Integrating Eqg. [A17] gives

B 1 In Cs (ks,z +Ks 3 +ks,4)_ks,4Cs,o _t. [Alg]
(ks,z +Ks 3 ijs,4) Cso (ks,z +Ks 3 ijs,4)_ks,4cs,o

Solving for Cs,

C ok . C, ok
C, , =C o sasstoalt _ 50054 _gllsztsatisa S.07.4 at z=L(t)
o (ks,z +ks,3+ks,4) (ks,2+ks,3+ks,4)

. [A19]

The same approach is followed to obtain the boundary condition for the SEI layer on the

cathode.

We assumed that the fluxes of the Mn?* and H* in the electrolytes are not affected by the
electric field in the electrolyte and their effects on the electric field are negligible because
the concentration of the salt, LiPFs, is much higher than the concentrations of Mn?* and H*

in the electrolytes. The material balance for Mn2* the electrolyte is given by:

oc . oc .. .
& gt“ :Deﬁ,MnhTM;jLajRo—ajR&z,J:pos,sep,neg [A20]

where &, jis the porosity of j region ( pos = cathode, sep = separator, neg = negative),

Dwmn?* is the effective diffusion coefficient of Mn2*, a; is the specific area, Ro is the rate of

Mn?2* dissolution described by Eg. 2.
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The material balance for H* in the electrolyte is given by:

! oc,.
& a3 :Deﬁyw—a22 +a,R; [A21]

where Dy* is the effective diffusion coefficient of H*, cu™ is the concentration of H* ions in
the electrolyte. The effective diffusion coefficient of the Mn2* and H* ions are assumed to
be equal to Ds.We assume that Mn?* and H* is reduced at the surface of the anode when the

cell is charged according to the following reaction:
Mn?* +2e~ =Mn [A22]
H +e =H, [A23]

The electric field of the reduced Mn and Hz is assumed negligible due to the relatively small

amount of Mn and H: at the anode compared to the Li ions.
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Appendix B

B.1 Expressions

The open circuit potential as a function of the stoichiometric coefficient of the Li-ions in the
spinel-based cathode and the graphite anode at a reference temperature of 25 °C are

determined experimentally and fitted to the following relations:

U, =4.19829+0.0565661tanh (-14.5546y +8.60942)

-0.1031 L -1.90111 |- : [B1]

(0998432 _ y)0.492465
0.1209exp(-0.04738y* ) +0.81023%xp (-40(y - 0.3748)

U, , =0.7222+0.1387x +0,020x° - %0272, 000109 51 3660 (0.90-18.7)
, ot

-0.8262exp (0.4241X - 0.4108)

[B2]

where x and y are the stoichiometric coefficients of Li ions in the graphite anode and the

spinel-based cathode, respectively.

The concentration and temperature-dependent ionic conductivity and diffusion

coefficient in the binary electrolyte are given by [53].

—10.5+0.668x10"°c,; +0.494x10°c,
K =10 xc,, | +0.074T —1.78x10°°c, T —8.86x10°c2T |, [B3]
—6.96x10°T2+2.80x10°°c, T2

54 022403,

T 4’ T-229-5.0x103¢;
D =10 x10 ’ : [B4]
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The effective ionic conductivity and diffusion coefficient in the binary electrolyte are

estimated using the following equations:

Ky =i i=psn, [B5]
Dy i = D.g™% i=psn. [B6]

The temperature dependent reaction rate constants for the electrodes are determined by

ki =k exp(%(%—%ﬁ, [B7]

where kio is the reaction rate constant for the electrode i at the reference temperature, To,

and Eak,i is the activation energy related to the reaction constant for the electrode i.
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The temperature dependent diffusion coefficients of Li-ion in the solid phase in the

electrodes are determined by

D =Dsio exp(%[-r_l _le) ' [B8]

where Ds,i0 isthe reaction rate constant for the electrode i at the reference temperature, To,
and Eagd,i Is the activation energy related to the diffusion coefficient of Li-ion in the solid

phase in electrode i.

The standard deviation between the experimental and modeled discharge profile is

estimated by

Sp :\/ﬁ i[(ucell )j ~(Use )j T , [B9]

where N is the total number of experimental data points, (Ucen)j and (Ucen);" are the
experimental and predicted values of the cell voltage at the jth data point, respectively. The
cell voltages are replaced with the normalized capacity when estimating the standard

deviation between the experimental and modeled normalized capacity.
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C

C.1Liionsinventory in Sielectrode
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Figure C.1. Liions inventory in the Si composite electrode for the cells with PD-treated and

bare Cu current collector. There were more Li ions available in the cells with the PD -treated

Cu current collector owing the existence of more active material due to the ability of PD to

reduce delaminated Si particles.

C.2 Effect of polydopamine design on degradation parameters
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Figure C.2. Effect of adhesion strength between Si composite electron an Cu current

collector on (a) contact resistance and (b) Li ions loss to isolation. Increasing the adhesion
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strength results in a decrease in the contact resistance and Li ions loss to isolation owing to

the reduction in the delaminated Si particles.
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Figure C.3. Effect of various PD film (a) thickness (coverage = 1), (b) thickness (coverage
= 0.8) on the rate constant. Increasing the thickness for a coverage of 1 only resulted in
enhancing the tunneling the effect. However, for a coverage less the 1, an increase in the
film thickness lead to an increase in both tunneling effect and passivation of the uncovered

surface by an insulating polymeric film as cycling proceeded.
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Figure C.4. Effect of various PD film coverage on the reaction rate constant. The thickness

was maintained constant while varying the coverage.
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Figure C.5. Effect of PD film coverage on (a) contact resistance and (b) Li ions loss to

isolation. Increasing the PD film coverage while maintaining the thickness constant lead to

a decrease in the film resistance and Li ions loss to isolation.
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