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Summary

After a few decades of continuous development of lithium-ion battery (LIB) technology,
related industries have been greatly boosted in recent years due to the ongoing renew-
able energy revolution, especially in the field of vehicles electrification. Comparing to
traditional LIB systems for consumer electronics, batteries for electric vehicles (EV)
require better energy density, power density, stability and safety. LiNi0.80Co0.15Al0.05O2

(NCA), which is one of the promising nickel-rich layered cathode materials for LIB
systems, will play a key role in the coming decade. A comprehensive understanding
of degradation mechanisms is important to optimize battery management systems in
order to prolong the lifespan of NCA-based LIBs or achieve further improvements on
material aspects.

One of the key challenges regarding battery aging studies is to couple the characterized
aging behaviors to the detrimental cycling conditions, such as an elevated cycling
temperature or a high cycling rate. Recent studies suggested that the presence of an
uneven through-plane degradation, induced by the porous inhomogeneity, could lead
to spurious aging mechanisms. In this doctoral work, this issue is specifically tackled
by using power-optimized cells with thin-coating electrode materials, which have minor
porous inhomogeneity. Apart from that, this work also focuses on the aging of commer-
cial large-format batteries in order to bridge the gap between academia and the industry.

A set of commercial cells is first cycled at various aging conditions and then post-mortem
analyzed by different physico-chemical techniques. Among the used techniques, the
applications of AFM-based Kelvin probe force microscope (KPFM) and the advanced
odd random phase electrochemical impedance spectroscopy (ORP-EIS) are particularly
addressed in this doctoral work. KPFM, as a powerful surface technique, allows the
quantitative investigation of the electrode surface inhomogeneity at microscale. ORP-
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EIS is an advanced EIS technique that can be applied to inspect the electrochemical
and macroscopic properties of the aged electrode material.

Thanks to the comprehensive post-mortem analysis of the aged NCA electrode material,
a new aging model, associated to the surface inhomogeneity, is proposed to describe the
observed aging phenomena. The model is further justified by using a redox molecule
as an electrolyte additive for inhibiting the local overcharge reactions and re-balancing
the local state-of-charge. Additionally, the use of the redox molecule as electrolyte
additive is proved to be an effective way to improve the cycling performance on the
laboratory NCA/lithium cells and, potentially, it can also be applied in commercial
LIB systems. The unveiled aging mechanism applies very likely to all Ni-rich cathode
material. This work sheds light on building better batteries through, for instance,
surface modification methods or developing better material synthesis routes in order
to improve homogeneity of electrode materials.
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Chapter 1

Introduction

This chapter provides general information about the important role
that lithium-ion batteries play in the ongoing energy revolution. The
previous aging studies related to LiNi0.80Co0.15Al0.05O2 cathode material
are summarized. Accordingly, the methodology of this thesis is pre-
sented. Finally, the outline of this thesis is given in a flowchart.



2 Introduction

1.1 The ongoing energy revolution

The Climate Change and Global Warming, caused by the enormously increased fossil
fuel consumption in the last century as shown in Figure 1.1 [1], are forcing the energy
revolution. The primary energy source, i.e., fossil fuel, will be replaced by renewable
energy sources such as solar power, wind power and hydro power etc. Among these
emerged renewable energy sources, no one is able to adopt the conventional energy
harvesting and distributing system, providing consistent energy output. The inherent
characteristic of renewable energy sources owing to variations of the natural conditions
leads to significantly different energy distributing methods [2]. Therefore, it is essential
to integrate an auxiliary energy storage device for these energy harvesting processes,
where the excessive harvested energy can be kept until required. A proper storage
process can greatly advance the efficiency of the whole system by shunting peak-hours
energy demands using the stored energy at low-demands period. Besides, grid stability,
power quality and reliability, and load shifting can also benefit from auxiliary energy
storage systems [3]. There are several promising energy storage methods, which can be
categorized generally in four groups, i.e., mechanical, electrical, thermal and chemical
processes. Batteries as a chemical energy storage system, have been used for more
than a century. Nowadays, it is still one of the most important chemical energy
storage systems with an excellent energy density in our daily life to power the portable
electronic devices and will continuously play an important role in the ongoing renewable
energy revolution, such as the vehicles electrification [4, 5].

Global fossil fuel consumption
Global primary energy consumption by fossil fuel source, measured in terawatt-hours (TWh).
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Fig. 1.1: Global fossil fuel consumption.
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1.2 Lithium-ion battery

Lithium-ion battery (LIB) undoubtedly is one of the best battery systems at the moment
concerning the energy density, the cycle life and the power output. It revolutionarily
improved the battery performance compared to previous battery systems. Nowadays,
LIB is playing a major role in our modern life by powering most of portable electronic
devices. The first LIB commercial product was introduced to the market by Sony in
1991. After a few decades of continuous development of LIB technology, the further
improvements of LIB systems pave the way of carrying on the renewable energy
revolution. The pioneer company Tesla has just installed the largest stationary LIB
energy storage system (100 MW/129 MWh) connected to a wind farm, in south
Australia early this year (2018). Many similar projects are under progress all around
the world. Moreover, the ongoing revolution of the vehicles electrification draws more
attention from the public. The first commercialized electrical vehicle (EV) powered
solely on LIB is the Tesla Roadster, which was introduced to the market around 2008 [6].
Since then the related industries for EV have been greatly boosted. However, current
LIB systems are not good enough to fulfill the role in the energy revolution. Comparing
to traditional LIB systems for consumer electronics, it requires better stability and
safety, lower cost for stationary applications, and extra criteria such as higher energy
density and power density for vehicle industries [7, 8]. Therefore, researchers all around
the world are putting great efforts to keep improving LIB systems.

1.3 State-of-the-art

The first commercial LIB, manufactured by Sony, consisted of graphite anode material,
LiCoO2 cathode material and organic-based electrolyte. The working principle is
demonstrated in Figure 1.2, showing that lithium ions are shuttled between the positive
electrode (or cathode) and negative electrode (or anode) during the charging and
discharging reactions through the electrolyte. For the negative electrode side, the
lithium ions intercalate into the graphene layers and form the compound LiC6 [9]. For
the positive electrode side, lithium ions can be reversibly inserted and removed from
the metal oxide host structure. The achievement of the stable LIB system using lithium
ion intercalation electrodes opened a new era of the related research fields. The most
of the state-of-the-art LIB systems are based on this concept. It is worth noting that
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using names of "cathode" and "anode" to represent "positive electrode" and "negative
electrode", respectively, is conceptually inaccurate in electrochemistry. However, it has
been well-accepted by the research field of LIBs. In this PhD work, for the best of
the conveniences, the names of "cathode" and "anode" are always used to refer to the
positive electrode and the negative electrode respectively in both charge and discharge
pulses.

Positive electrode/Cathode
(e.g. LiCoO2)

Negative electrode/Anode
(e.g. graphite)

Organic-based electrolyte
(e.g. LiPF6/EC-DMC)

Li+

discharge charge

2LiCoO2 ↔ 2Li0.5CoO2 + Li+ + e- C6 + Li+ + e- ↔ LiC6 

Fig. 1.2: Working principle of the lithium-ion battery system

1.3.1 Anode material

Graphite electrode was believed to be able to insert Li+ owing to its layered structure.
However, the initial investigation was not successful because of the reduction of the
electrolyte during the Li+ intercalation reaction [10]. Using ethylene carbonate (EC) as
the one of the electrolyte components was found to be able to promote the formation
of a passivation solid-electrolyte interface (SEI) layer, and to prevent continuous elec-
trolyte reduction [11]. The SEI layer, providing kinetic stability while Li+ conduction,
has been extensively studied since it is critically associated with the performance
of LIBs [12]. The stability of the SEI layer can be greatly improved by introducing
electrolyte additives for the formation of an artificial SEI layer [13]. However, the
impedance increase of carbon-based anodes during cycling is often attributed to the
growth of the SEI layer since the reduction of the electrolyte cannot throughly be pre-
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vented [14]. Another very important intercalation anode material is Li4Ti5O12 (LTO)
with a rigid framework structure. LTO anode material provides highly reversible Li+

(de)intercalating reactions with zero-strain formation [15], and around 150-160 mAh/g
capacity at 1.5 V vs. Li/Li+. This anode material is also known as a "SEI-free" material
since organic electrolytes are thermodynamically stable on the electrode surface. Owing
to the excellent structure and interface stability, LTO anode material can sustain more
extreme cycling conditions such as fast charge/discharge, low temperature or a long-
term cycling etc. [16, 17]. On the contrary, the rigid framework structure of LTO anode
material consists of extra titanium and oxygen elements compared to carbon-based an-
ode material. The energy density of LTO material is thus limited. Besides, the relatively
higher potential also leads to a narrower open-circuit voltage window of LTO-based
LIBs than carbon-based LIBs. Therefore, commercial LTO-based LIBs are mostly used
in specific applications that require a high power density or a long-term cycling stability.

In recent years, silicon-based anode materials have been extensively studied due to the
outstanding theoretical energy density among the investigated anode materials, i.e., ten
times higher than carbon-based anode materials [18]. However, the poor cycle-life as a
result of the significant volume changes during the Li+ (de)intercalation, needs to be
tackled for practical applications in the future. Furthermore, the rapid development of
all-solid-state-LIBs (ASSLIBs) brings metallic lithium anode material back to the stage.
Several new types of solid-state Li+ conductor with comparable ion conductivities as
conventional liquid state electrolytes were reported [19]. ASSLIB systems attract great
interests owing to significant advantages including improved safety, wider operating
temperatures and a better compatibility with metallic lithium anode material. The
metallic lithium anode is the ultimate anode material for LIB systems with the highest
energy density. Previously, it was not compatible with the conventional organic based
liquid electrolyte due to the dendrite formation and the electrolyte reduction. Although
several critical issues, especially the solid-solid interfacial resistance, need to be solved
before the practical utilization, ASSLIBs is the front runner among all the candidates
of the next generation LIB systems.
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1.3.2 Cathode material

The concept of intercalation electrode material was established in 1970s. The electro-
chemically active species can be inserted and removed from the framework structure
reversibly [20]. According to the crystal structures, the intercalation compounds can be
divided into several groups such as layered, spinel, olivine and tavorite [21]. Undoubt-
edly, LiCoO2, introduced by Goodenough [22], was the most successful layered-structure
cathode material. The theoretical capacity of LiCoO2 cathode material is relatively low
at (130 mAh/g) since only half of the lithium can be reversibly cycled [22]. LiCoO2

has the α-NaFeO2 structure with oxygen in a close-packed arrangement. On removing
less than half of Li+, the framework structure is stable. Several phases are formed with
varying distortions of the ccp oxygen lattice. Nevertheless, electrochemically inactive
spinel phases were observed on the surface of severely cycled LiCoO2 electrodes [23].
Additionally, LiCoO2 electrode material is toxic and costly hindering the further uti-
lization in the automotive industry [20, 24]. Therefore, great efforts were devoted in
developing new types of cathode materials.

Due to the limitations of cobalt-based electrode materials, LiNiO2, which is isostruc-
tural with LiCoO2, was suggested as a possible candidate cathode material [25]. LiNiO2

has a theoretical capacity around 275 mAh/g and a reversible capacity above 200
mAh/g [25]. However, at a highly delithiated state (i.e., lithium-deficient state), the
electrochemical activity decreases drastically owing to the microstructure instabilities
and the formation of a NiO-like rock-salt phase. The origin of the instabilities is
attributed to the displacement of nickel ions and lithium ions sites (i.e., cation mix-
ing), primarily due to the similarity of the ionic radii of Li+ (0.76 Å) and Ni2+ (0.69
Å) [26–29].

Partial substitution of nickel with cobalt, LiNi1−yCoyO2, can significantly stabilize the
structure by hindering the displacement of Li+ with Ni2+ at Li+ sites [30]. Nevertheless,
both LiNiO2 and LiNi1−yCoyO2 in the delithiated state was observed to transform to
the rock-salt structure above 200 °C accompanied with oxygen release. This reaction
could lead to vigorous exothermic reactions with organic-based electrolytes, resulting
in severe safety concerns [31, 32]. Doping with a small amount of Mn could improve
the thermal stability in the delithiated state [33], but reduces the discharge capac-
ity [34]. LiNi1/3Co1/3Mn1/3O2 (NMC111) consisting of both Co and Mn doping elements
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provided both microstructural and thermal stabilities but a relatively low reversible ca-
pacity, 160 mAh/g [35]. It is generally understood that increasing the Ni concentration
leads to a higher reversible capacity but a worse cycling stability due to cation mixing
and rock-salt phase formation. Increasing the Co concentration is important to maintain
the microstructural stability, yet the cost increases as well. Mn particularly promotes
the thermal behavior but decreases the discharge capacity [36–38]. Despite the exten-
sive investigation, the optimum composition of Ni, Co, and Mn has not been achieved.
NMC622, consisting of 60% Ni, 20% Mn and 20% Co (the accurate composition might
vary according to the manufacture), has been commercialized recently. Nevertheless, a
higher Ni content NMC system, such as NMC811 (i.e., 80% Ni, 10% Mn and 10% Co),
is being intensively investigated for the high energy density required in the EV industry.

Instead of Mn, Al was found to be an effective doping element to improve both mi-
crostructural and thermal stabilities [39, 40]. The presence of Al3+, a very stable state
of Al, in the transition layer can reduce the cation mixing in Li+ sites, which is an effect
similar to that of Co3+ [41]. Besides, aluminum is advantageous in the gravimetric
capacity compared to other dopants because of the light weight. Al3+ can also increase
operation voltage owing to the stronger Al-O bond than the Ni-O bond [42, 43]. On
the other hand, Al3+ is an electrochemically inactive species in the solid matrix, so that
doping with more Al3+ reduces the capacity density. Up to now, LiNi0.80Co0.15Al0.05O2

(NCA) was found to be a good candidate providing decent capacity density (about
200 mAh/g) and cycling stability. It thus has been commercialized and integrated
into commercial EV products by Tesla Motor. Furthermore, other metallic elements
substituted LiNiO2-based compounds LiNiyM1−yO2 (M = Mg, Ti, Fe) were extensively
investigated [44–50], but their general performances were inferior to the NMC and
NCA systems.

In summary, nickel-rich layered cathode materials including LiNi1−x−yCoxAlyO2 type
and LiNi1−x−yCoxMnyO2 type, are the state-of-the-art commercial cathode materials
for lithium-ion batteries, particularly interesting for automotive applications. Fig-
ure 1.3 shows the major commercial cathode chemistries and their performances. The
preference of NCA-type and NMC-type cathode materials for automotive industries
is mainly due to the superior energy density compared to the other two chemistries
LiFePO4 (LFP) and LiMnO2 (LMO). NCA-type and NMC-type cathode materials
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are under development not only in the current form of LIB systems but also in
solid-state LIB systems, which are believed to be the next generation of LIB systems.
LiNi0.80Co0.15Al0.05O2 (NCA), which is the benchmark of nickel-rich layered cathode ma-
terials, will play a key role in the coming decade [51]. A comprehensive understanding
of the degradation mechanisms is important to optimize battery management systems
in order to prolong the lifespan of NCA-based LIBs. More importantly, it can pro-
vide valuable insights to further develop new cathode materials with better performance.

NCA-type NMC-type

Fig. 1.3: Performance of four commercial cathode chemistries. Source: Boston Con-
sulting Group, Liberum.

1.3.3 Degradation of LiNi0.80Co0.15Al0.05O2 cathode material

The degradation of NCA electrode materials during Li+ extraction/insertion has been
extensively studied. Abraham et al. [52, 53] found the formation of a NiO-like (rock-
salt structure) surface layer on power-faded LiNi0.80Co0.15Al0.05O2 cathodes. They
attributed the power fade and the impedance rise to the growth of a NiO-like surface
layer on the cathode material since pure NiO presented both poor electronic and ionic



1.3 State-of-the-art 9

conductivity. Later, a similar degradation scenario was observed on NCA cathode
material. Several studies [54–56] revealed that the capacity-fading mechanism of NCA
cathode material was associated with the formation of an inactive NiO-like phase at
grain boundaries and grain surfaces of primary/secondary particles. The amount of
NiO-like phase displayed a correlation to the capacity loss. The origin of the surface
NiO-like phase was attributed to instabilities of crystallographic and electronic struc-
ture induced by over-delithiation. These instabilities led to cation mixing accompanied
by loss of oxygen and formation of a rock-salt structure [57–60]. Zhang et al. [61]
characterized low-rate (C/10) cycling NCA electrodes and observed rock-salt phases in
the bulk instead of surface regions of primary particles. They suggested a mechanism
in which oxygen migrates from the bulk to the surface domain due to an oxygen
concentration gradient created between oxygen-deficient surface domains (rock-salt
phase) and original bulk domains. The loss of oxygen finally led to the rock-salt phase
formation in the bulk domains.

Another aging mechanism associated with the decomposition of the electrolyte and the
formation of a passivation layer, was investigated. It was reported that the concen-
tration of surface carbon species, mostly Li2CO3, increased on aged NCA electrodes.
This passivation layer could lead to capacity and power fade owing to the rise of the
interfacial resistance [62, 63]. Additionally, the formation of a Li2CO3 surface film
was enhanced when the microstructure was transformed to the lithium-deficient phase
after cycling aging at high temperature (60 °C) [64, 65]. Zhuang et al [66] reported
that a dense and about 10 nm thick Li2CO3 film was formed on NCA particles during
a long period of air exposure time. Very recently, Faenza et al. [67] comprehensively
investigated the growth of ambient induced surface impurities on the NCA electrode
material in controlled temperature and moisture conditions. Moisture was proven to
be a crucial factor in the formation of Li2CO3 with ambient CO2. Apart from that,
the presence of Li2CO3 while removing all the other impurities on the electrode surface
resulted in excellent cycling stability compared to pristine NCA electrodes. Therefore,
in contrast to the other studies, they argued that Li2CO3 film was not detrimental to
the cycling performance of NCA electrode materials.

Morphological changes of NCA particles have been studied in-depth. Micro-cracks were
observed on NCA secondary particles during cycling aging, especially with unfavorable
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cycling conditions such as elevated temperature and broad operating state-of-charge
range (∆DoD) [68, 69]. The generation of micro-cracks was attributed to changes of the
crystal lattice during Li+ extraction/insertion and the accumulation of micro-strains,
particularly cycled at extended ∆DoD [58, 70]. These micro-cracks were considered as
one of the major causes of NCA cathode material degradation due to the formation
of a NiO-like inactive layer on the newly formed electrode-electrolyte interface [70].
Recently, rock-salt growth-induced (003) cracks were observed and suggested as a
major cracking mechanism of NCA primary particles [71].

NCA particles with non-uniform state-of-charge (SoC) distribution were revealed by
Raman microscopy [63, 72, 73]. Lately, synchrotron-based techniques have been ap-
plied to inspect the non-uniform SoC distribution on a particle level [74–77]. The
researchers argued that the non-uniform SoC implied uneven local current distribution
during charge/discharge steps resulting in local degradation. Forouzan et al. [78]
reported a comprehensive modeling study about the effects of electrode heterogeneity
on LIB performance and lifetime. Their modeling results indicate that the electrode
heterogeneity introduces non-uniform charge capacity, current-density, SoC and tem-
perature, resulting in electrode degradation, especially during charging pulses. The
non-uniformity could be further enhanced by elevated cycling current. Other works re-
ported the inhomogeneity induced by the porous structure of composite electrodes. The
inhomogeneities were distributed from the electrode surface perpendicularly towards
the current collector (through-plane) [79–81], resulting in an uneven through-plane
degradation [78, 80, 82, 83]. It is important to point out that surface-focused char-
acterizations play a major role in LIB aging studies [84]. Ignoring the through-plane
heterogeneity can lead to spurious conclusions due to the deviations from actual aging
scenarios.

1.4 Objectives and strategy

1.4.1 Goal of the thesis

This work aims providing a comprehensive investigation on the aging mechanism of NCA
cathode materials in large-format commercial cells designed for automobile applications.
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In literature, NCA electrode materials have been extensively studied, yet there is lack
of a thorough understanding of aging phenomena, especially when NCA-based batteries
are operated in detrimental conditions such as an elevated temperature or a high
charge/discharge current. In addition, this work intends to provide a reliable aging
analysis by taking into account influences of the uneven through-plane degradation,
which is critical for deriving accurate aging conditions. To the best of our knowledge,
this issue has never been properly tackled in previous aging studies. Gaining insights
into the aging mechanism of the NCA electrode material will shed light on designing
better batteries or battery management systems (BMS) in order to meet the criteria of
high energy density and long-standing NCA-based battery systems.

1.4.2 Approach of the thesis

Different from the previous aging studies, where the battery materials and devices were
measured under conditions deviating from practical applications, this doctoral work
particularly focuses on the use of commercial LIBs in order to bridge the gap between
the laboratory conditions and industrial conditions. These commercial cells consist of
NCA cathodes and LTO anodes. The LTO anode material is deliberately selected since
it is known as the "SEI (solid electrolyte interface)-free" and "degradation-resistant"
anode material [15]. The use of LTO allows to deconvolute the complex aging phe-
nomena and concentrate on the degrading behavior of the NCA cathode material.
Furthermore, the cells were power-optimized with a thin-coating electrode design. The
through-plane inhomogeneity is thus subtle and can be neglected, which guarantees con-
sistent aging conditions from the surface down to the bulk of the investigated electrodes.

Cycling temperature and cycling rate are two of the most critical cycling conditions
associated with the material degradation, and needed to be addressed throughly. Ac-
cordingly, the cells were aged by cycling at different temperatures and current rates.
Then aged cells and materials were post-mortem analyzed by multiple physico-chemical
analysis techniques, revealing the correlated aging mechanism behind. It is worth
noting that the non-linear capacity decay was often observed at an extended number of
cycles [85–89], but the behavior was seldom discussed. In addition to the previous stud-
ies, where post-mortem analyses were mainly conducted on aged cells at the end-of-life
(EoL) criteria (normally 80% state-of-health), intermediate degraded cells with different
cycles but with same cycling conditions are also post-mortem analyzed. The evolution
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of the aging behavior is tracked, providing insights into the dynamics of the degradation.

There is an ancient Chinese proverb saying that "the mechanic, who wishes to do his
work well, must first sharpen his tools". AFM-based Kelvin probe force microscope
(KPFM), a relatively new surface technique in the field of LIBs, is applied to develop
an approach addressing the surface properties, especially the surface inhomogeneity, of
battery electrodes with high spatial resolution (<100 nm). In addition, owing to the
intrinsic link between the surface potential measured by KPFM and the electrochemi-
cal potential obtained in battery cells, the micro-scale surface behavior can hence be
addressed by macroscopic properties. On the other hand, electrochemical impedance
spectroscopy (EIS) is a robust and non-destructive technique for characterizing LIB
systems. It is often applied for estimating either the state-of-charge (SoC) or the
state-of-health (SoH) of LIBs. In this work, a systematic EIS study is conducted
by taking both SoC and SoH influences into account. Particularly, an advanced EIS
technique, odd random phase impedance spectroscopy (ORP-EIS) is applied. This
technique, designed by the SURF group [90, 91], can greatly enhance the reliability of
EIS measurements and data interpretation.

Overall, this doctoral work aims providing new and critical insights into the mechanism
of the cathode material degradation. Some practical counter strategies are accordingly
proposed and preliminary examined.

1.5 Overview of this doctoral thesis

This doctoral thesis focuses on a comprehensive aging study on the state-of-the-art
commercial nicked-rich cathode material. In chapter 1, a general introduction and
state-of-the-art concerning LIB batteries, electrode materials and the degradation of
NCA cathode material are provided. The objective of this doctoral work and the related
approach are presented. In chapter 2, the basics of the physico-chemical techniques
including KPFM, EIS and ORP-EIS are briefly introduced. In chapter 3, the use of
KPFM, an advanced surface characterization technique, for studying LIBs is explored.
The micro-scale SoC inhomogeneity of the NCA electrode material is quantitatively
addressed by this technique. In chapter 4, ORP-EIS techniques is applied to precisely
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investigate the electrochemical and macroscopic properties of the NCA electrodes as a
function of SoC and SoH. In chapter 5, a systematic post-mortem analysis of the NCA
electrode materials at different SoH is conducted on the use of multiple physico-chemical
characterization techniques, especially the use of KPFM and ORP-EIS. A new aging
mechanism associated with the surface inhomogeneity is suggested accordingly. In
chapter 6, on the basis of the proposed aging mechanism, an effective counter strategy,
using redox shuttle electrolyte additives (RSA) to balance the local state charge, is
proposed and preliminary justified. In chapter 7, this doctoral work is summarized
and some future prescriptive is suggested on the basis of the main conclusions.

A schematic workflow of this thesis is shown in Figure 1.4.
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Chapter 1: Introduction
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➢ State-of-the-art
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Fig. 1.4: The workflow of this doctoral thesis.



Chapter 2

Experimental

This chapter provides basic information about the two main advanced
physico-chemical characterization techniques, including the physical
background and experimental procedures.

This chapter is based on the published article:

Zhu, X.; Revilla, R., I.; Hubin, A. Direct correlation between electrode state of charge and local

surface potential measured by kelvin probe force microscope on LiNi0.80Co0.15Al0.05O2 cathode material.

Journal of physical chemistry C (2018),122,28556-28563.
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2.1 Kelvin probe force microscope

A wide variety of surface techniques have been applied to study LIB systems [84].
In recent years, atomic force microscope (AFM)-based setups have gained a lot of
attention for investigating systems with a high spatial resolution [92–97]. As shown
in Figure 2.1, an AFM system commonly consists of an AFM tip, a laser beam, pho-
todiode detectors and feedback systems. In addition to these components, the AFM
setup used in this doctoral work is placed inside the glove box with an inert argon
atmosphere (Figure 2.2). The tip with the radius ranging from 1∼100 nm is positioned
very close to (non-contact) or in contact with the surface of a sample. The interaction
between the tip and the sample is detected by the photodiode detector by collecting
the reflected laser beam from the back of the cantilever. In the contact mode, the
AFM tip deflects due to the tip-sample repulsive force. In the non-contact mode,
the cantilever is externally oscillated at a frequency close to its resonance frequency.
The interaction between the tip and the sample alters the oscillation amplitude and
resonance frequency. These changes, with respect to the reference condition, are used as
feedback systems to obtain the topography of the surface and other information [92, 98].

cantilever

sample

laser

photodiode
detector

Fig. 2.1: Schematic illustration of an AFM setup.
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Fig. 2.2: The AFM setup inside an argon-filled glove box.

Kelvin probe force microscope (KPFM) is one of the extended AFM-based setups. It
enables mapping the surface potential on a variety of solid-state materials by measuring
the work function difference (contact potential difference, VCP D) between the conductive
AFM tip and the sample surface [99]:

VCP D = φtip − φsample

−e
(2.1)

φsample = φtip + eVCP D (2.2)

where φtip and φsample are respectively the work functions of the tip and the sample,
and e is the elementary charge. According to Equation 2.2, φsample is directly dependent
on VCP D.

Due to the existence of VCP D, an electrostatic force is created when the tip approaches
the sample surface as shown in Figure 2.3. An external potential (VEXT ) is applied
to the tip or sample to nullify the electrostatic force created by VCP D. By recording
the value of VEXT at each point, it is possible to map the VCP D distribution of the
measured area. Two situations need to be considered differently and carefully [100]:
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1) when VEXT is applied to the tip:

∆V = (φtip

−e
+ VEXT ) − φsample

−e
= VCP D + VEXT (2.3)

2) when VEXT is applied to the sample:

∆V = φtip

−e
− (φsample

−e
+ VEXT ) = VCP D − VEXT (2.4)

For KPFM the posteriori voltage difference ∆V equals 0 because of the nullifying step
and VCP D = ±VEXT where ’−’ and ’+’ correspond to VEXT applied to the tip and
sample, respectively. In this work, VEXT is applied to the tip so that the recorded
VEXT values have been inverted to obtain VCP D values.

øtip
øsample

Tip

Sample

Ef

Ef

EvacEvac

d

øtip

TipSample

Ef Ef

Evac

Evac

VCPD

e-

øsample

Fig. 2.3: Schematic illustration of KPFM working principle. The left panel is before
the measurement; the right panel is during the measurement.

In this work, KPFM measurements are performed on a commercial AFM setup (XE7,
Park systems) with a lock-in amplifier (SR-830, Stanford Research Systems). The
setup is placed inside an argon-filled glove box with a customized anti-vibration table.
KPFM is operated in non-contact mode with frequency modulation (FM) with the
single-pass scanning method, where both an AC voltage (VAC) and a DC voltage (VDC)
are applied to the AFM tip. VAC generates the oscillating electrical forces between the
tip and sample surface. VDC nullifies the oscillating electrical force originated from
VCP D as shown in Figure 2.3. The electrostatic force (Fes) between AFM tip and
sample surface can be addressed by:
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Fes(z) = −1
2∆V 2

es

dC(z)
dz

(2.5)

where z is the direction normal to the sample surface, dC/dz is the gradient of the
capacitance between the AFM tip and sample surface, and ∆Ves is the potential
difference between VCP D and the voltage applied to the tip so that

∆Ves = (VDC + VAC) ± VCP D = (VDC ± VCP D) + Vampsin(ωt) (2.6)

where the "±" sign depends weather VDC is applied to the tip (’-’) or to the sample
(’+’). Thus, Equation 2.5 becomes

Fes(z, t) = −1
2

∂C(z)
∂z

[(VDC ± VCP D) + Vampsin(ωt)]2 (2.7)

Equation 2.7 equation can be divided into three parts:

FDC = −∂C(z)
∂z

[12(VDC ± VCP D)]2 (2.8)

Fω = −∂C(z)
∂z

(VDC ± VCP D)Vampsin(ωt) (2.9)

F2ω = ∂C(z)
∂z

1
4V 2

amp[cos(2ωt) − 1] (2.10)

FDC in Equation 2.8 is associated with a static deflection of the AFM tip. F2ω in Equa-
tion 2.10 can be used for capacitance microscopy [101]. Fω in Equation 2.9 is used in
KPFM measurements, where VDC is applied to directly nullify the measured amplitude
shift (amplitude modulation) or the frequency shift at ω (frequency modulation). In
this work, KPFM measures topographical and potential signals simultaneously, called
the single-pass mode in which the measuring time can be significantly reduced.
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2.2 EIS and odd random phase EIS

2.2.1 Basics of EIS

Electrochemical impedance spectroscopy (EIS) can characterize the dielectric and elec-
tric properties of individual components in a system by recording their time dependent
responses in a non-destructive way. These features make EIS a robust technique to
study electrochemical systems. Figure 2.4 shows a typical scheme of an interfacial
electrochemical reaction in a liquid electrolyte. Two main processes, charge transfer
(kinetics) and diffusion, often have distinctively different time responses. By using EIS,
the two major electrochemical processes thus can be quantitatively addressed.
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Fig. 2.4: Schematic illustration of interfacial electrochemical reaction in a solution. kc

and ka are reaction rate constants for cathodic and anodic reactions, respectively. kd

refers to diffusion rate constant of the active species.

In a given electrochemical system, for instance a battery system as shown in Figure 2.5,
an AC potential (or current) perturbation is applied to the battery system and the
current (or potential) responses are recorded. The impedance of the battery system
can be derived by Ohm’s law:

Z(ω) = FT{u(t)}
FT{i(t)} (2.11)
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where the impedance Z(ω) is a function of frequency of a measurement that is applied
to the system, and FT{} denotes a Fourier transform. In battery systems, a frequency
range of 100 kHz - 1 mHz is often used. With a single measurement, EIS is capable
to achieve a lot of useful information about the whole system since each component
has its characteristic frequency response. Recently, the EIS technique has drawn great
attention to study lithium-ion batteries. In laboratory applications, it can be helpful
to investigate battery systems obtaining electrochemical parameters (i.e., kinetics and
mass transport). At the battery cell or pack level, EIS is a promising tool to carry out
SoC or SoH estimations.

Fig. 2.5: Schematic illustration of EIS applied on a battery system.

It is very important to point out that EIS has been extensively used in various
electrochemical systems but with less cautions about the experimental conditions and
the quality of the data. A valid EIS data needs to fulfill three criteria [102]:

• Causality: the measured AC response comes only from the applied AC perturba-
tion and contains no significant components from spurious sources.

• Linearity: the perturbation/response of the system can be described by a set of
linear differential laws; in practice, the applied AC perturbation should be small
enough to maintain the linearity.

• Stationarity: there should be no variations of the system during the EIS measuring
period.
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If the above conditions are satisfied, the EIS responses of the system can be simulated
using electronic circuit components. Accordingly, electrical equivalent circuits (EEC)
can be constructed based on the validated EIS data and their physical interpretation.
Quantitative information of the electrochemical system can be retrieved. It is worth
noting that an electrochemical system is complex so that its EIS result is often convo-
luted. Having a proper understanding of the system prior to EIS analysis is strongly
recommended [103].

Validating the three conditions is not a straightforward matter. The Kramer-Kronig
(KK) relations can be used to evaluate the three conditions [104]. During the KK anal-
ysis, the experimental data points are fitted using a special model circuit which always
satisfies the KK relations. If the measured data set can be represented with this circuit,
then the data set should also satisfy Kronig-Kramers assumptions. It is very important
to point out that the fulfillment of KK test is not sufficient to validate the EIS data [102].

2.2.2 ORP-EIS

Alternatively, the SURF research group has developed a new type of EIS technique
named odd random phase EIS (ORP-EIS) [90, 105, 106] that can quantitatively assess
the data quality by evaluating the linearity, stationarity and noise level of the measured
impedance, as shown in Figure 2.6. Besides, ORP-EIS is a multisine-based technique
that can remarkably reduce the measuring time. It is important to point it out that
ORP-EIS is still an impedance technique, which measures identical impedance spectrum
as any other commercial EIS setup. The extra information is obtained due to the
deliberately designed perturbation signal. The odd random phase multisine signal is
generated by MATLAB software and composed of a sum of harmonically related sine
waves with random phases. Only the odd harmonics are excited and one out of three
consecutive harmonics is randomly omitted. The schematic illustration of the ORP
excitation signal is shown in Figure 2.7.

In ORP-EIS, the potential and current signals at all the measured frequencies including
the non-excited omitted frequencies are simultaneously recorded. Each test session is
performed by applying 5 consecutive periods of the excitation signal. The first period
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is omitted to eliminate possible transients and the other periods (normally four) are
used to calculate the standard deviation at each frequency.
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Fig. 2.6: An example of ORP-EIS experimental data.
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Fig. 2.7: Illustration of the odd random phase multisine excitation signal in the
frequency domain after a Fourier transform operation. The pink arrows represent
the excited odd harmonics; the grey arrows are the omitted harmonic; all the even
harmonics are not excited [107].

• The noise level is estimated by the standard deviation calculated at the non-
excited frequencies.
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• The standard deviation at the excited frequencies is compared to the noise level
to determine the non-stationarities. If the standard deviation at the excited
frequencies is different from the standard deviation at the non-excited frequencies,
the measured system presents a non-stationary behavior.

• The non-linearities consists of odd and even non-linear distortions. The even
ones can be evaluated by the non-excited even harmonics of the response spectrum
signal. Detection of the odd non-linearities relies on the response spectrum signal
on the randomly omitted same of the odd harmonics. All these response spectrum
signal intrinsically contain the stochastic noise so that, in the ORP-EIS data
as shown in Figure 2.6, the difference between the noise level and noise +
non-linearities indicates the presence of the non-linearities [90].

The equivalent electrical circuit modeling is done by means of the in-house designed
MATLAB toolbox by using a Gauss-Newton algorithm followed by a Levemberg –Mar-
quard minimization scheme [106]. The goodness-of-fit is assessed by comparing the
complex residual against the noise curves. A good fit is achieved if the residual curve
falls within the noise of the ORP-EIS measurement [108]. In addition, the best-fit
parameters and their relative errors (i.e. parameter uncertainties) are also provided.

This advanced EIS technique has been successfully applied in different electrochemical
topics, such as in metal corrosion systems [91, 109, 110], surface coating studies [111–
114] and electrochemical analytical studies [108, 115]. In this work, the use of the
ORP-EIS for LIB systems is investigated for the first time.

2.3 Other electrochemical techniques

2.3.1 Cyclic Voltammetry

Voltammetry is usually the initial technique applied for the electrochemical investigation
of a new system, because of its simplicity as well as the reliable and useful information
it provides. This technique is normally performed in stationary solution, under which
condition the mass transport is dominated by diffusion. The potential of the working
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electrode (WE) is changed with a constant rate, the scan rate as sweep rate ν where

ν = dE

dt
(2.12)

and the current is recorded as a function of time [116]. Cyclic Voltammetry (CV) is
the most widely used voltammetry technique, in which the potential is swept forward
and backward between two fixed potentials. Figure 2.8 shows a series of triangular
potential cycles. First the potential is linearly swept from E1 to E2, and once the
potential reaches E2, the direction of the sweep is reversed and the electrode potential
is swept back to the original value E1. Figure 2.9 gives a typical cyclic voltammetry for
a reversible R/O redox couple. When the electrode potential is swept from E1 to E2, R
is oxidized at the surface of the electrode to O. During this backward sweep, O will be
reduced back to R. From the cyclic voltammetry, a lot of electrochemical information
can be extracted. The reversibility of redox process is reflected by the ratio of the
magnitudes of the forward and backward peak currents and should approach one for a
fully reversible reaction.
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Fig. 2.8: Variation of the applied potential as a function of time in cyclic voltammetry.
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Fig. 2.9: Cyclic voltammogram for a system with a reversible electron transfer reaction.

2.3.2 Galvanostatic charge/discharge

Galvanostatic cycling with potential limitation is a common technique studying the
behavior of LIBs upon cycling under galvanostatic mode. The battery is charged at
a constant current, and at the same time, the voltage of the cell is recorded. The
cell voltage increases during the charging step until the upper voltage limit is reached.
Then the current is reversed and the cell is discharged until the lower voltage limit
is reached. The charge and discharge current are alternated between two pre-defined
voltage limits (end-of-charge voltage and end-of-discharge voltage). Therefore, the
overall current profile has a square-wave shape as shown in Figure 2.10. Based on
the galvanostatic cycling test, electrochemical information such as typical charge and
discharge voltages, reversible and irreversible capacities, cycling stabilities, etc., can be
achieved.
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Fig. 2.10: Variation of the applied current as a function of time in galvanostatic
charge/discharge.

2.4 Electrode material preparation

The four pouch cells contained LiNi0.80Co0.15Al0.05O12 cathodes and Li4Ti5O12 anodes.
They were HEV-optimized cells with the thin-layer coated electrode and commercially
available. The manufacturer provided specifications of the cells shown in Table 2.1.

Table 2.1: General specifications of the commercial pouch cells

Item Specification
Nominal capacity 5 Ah
Nominal voltage 2.2 V
Standard charge method Constant current: 5 A to 2.8 V
Standard discharge method Constant current: 5 A to 1.5 V
Specific energy 42 Wh/kg
Energy density 90 Wh/L
Cell dimension (at SoC 50%) 276 mm×173 mm×4 mm
Weight Approx. 262 g

The disassembling of aged or non-aged pouch cells followed the established proce-
dures [84, 117]: the cells were fully discharged and then transferred into an argon-filled
glove box (Jacomex GP). After opening the cell case, the NCA electrode sheets were
collected and rinsed in dimethyl carbonate (DMC). Next, one side of the electrode
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coating was removed from a double-coated electrode sheet by cotton swaps soaked
with N-methyl-2-pyrrolidone. After the treatment, 18 mm or 8 mm diameter round
NCA electrodes were cut from the electrode sheet and rinsed two more times in DMC
and then dried under vacuum overnight.



Chapter 3

Advanced surface characterization
of NCA cathode material using
KPFM

Kelvin probe force microscope is an AFM-based technique with high
surface and lateral resolution (<100 nm). The capabilities of this
technique have been explored in this chapter. A direct correlation
between the local surface potential measured by KPFM and the elec-
trochemical potential of NCA cathode material is revealed. Based
on this correlation, a quantitative approach to investigate the local
behavior of the cathode material has been developed.

This chapter is based on the published article:

Zhu, X.; Revilla, R., I.; Hubin, A. Direct correlation between electrode state of charge and local

surface potential measured by kelvin probe force microscope on LiNi0.80Co0.15Al0.05O2 cathode material.

Journal of physical chemistry C (2018),122,28556-28563.
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3.1 Introduction

KPFM has been extensively applied for characterizing metallic nanostructures and
semiconductor materials [98]. Recently a handful of research groups have preliminarily
applied KPFM to study LIB systems with different objectives. Nagpure et al. [118]
performed KPFM on aged and non-aged LiFePO4 electrodes. Wu et al. [87] used
KPFM to characterize LiCoO2 electrodes with different charge/discharge cycles. Both
groups observed the changes on differently aged samples through the ex-situ method
based on limited scan areas (less than 5 µm × 5 µm). Unfortunately, both studies did
not provide any further discussion on whether the local phenomena were sufficient
to represent the macroscopic behavior of the electrodes or not. Masuda et al. [119]
tackled this issue indirectly by performing in-situ KPFM measurements on a solid-state
LIB system. Their work focused on the local behavior of the cathode and solid-state
electrolyte interface and revealed the uneven delithiation on the electrode-electrolyte
composites. However, performing in-situ KPFM measurements on a conventional LIB
system (i.e., liquid electrolyte system) is very challenging. Another issue regarding
the liquid electrolyte system concerns the fact that KPFM measurements are carried
out in gaseous (or vacuum) environment, which has different surface conditions from
that of the liquid phase. Therefore, a relation between magnitudes obtained in these
two different media is not a straightforward matter. In a previous work, Schmutz et
al. [120] found a strong linear correlation between VCP D measured by KPFM in air
and the open-circuit potential of several different metal surfaces immersed in the same
electrolyte. A systematic study was carried out to carefully establish a link between the
surface potential measured by KPFM in gaseous environment and the electrochemical
potential obtained within the liquid electrolyte.

This work focuses on LiNi0.80Co0.15Al0.05O2 electrode material, which is a state-of-
the-art commercialized nickel-rich layered cathode material for the automotive LIB
system [51]. Kostecki et al. [63] studied the detrimental impacts of the surface in-
homogeneity on the cycling stability. It was argued that surface heterogeneity leads
to an inhomogeneous current distribution, and consequently induces local overcharge
(or over-discharge) behaviors. In general, a variety of techniques and methodologies
have been developed for the characterization of surface heterogeneity. Raman spec-
troscopy has been applied to visualize surface inhomogeneity on transition-metal-oxide
based cathode materials [63, 73, 121], but with a relatively low spatial resolution.
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In order to obtain a high resolution map of the surface heterogeneity on a particle
level, synchrotron-based techniques are mostly applied [74, 76, 77]. In this work,
we explore the possibilities of using KPFM to characterize surface inhomogeneity of
electrode materials in a more quantitative manner compared with the previous studies.
This technique can provide, in general, a higher spatial resolution (< 100 nm) than
Raman spectroscopy and a better accessibility than synchrotron-based techniques [122].

3.2 Experimental

LiNi0.80Co0.15Al0.05O2 cathode material was harvested from a non-aged commercial
pouch cell with 5 Ah capacity, according to the experimental procedures discussed in
section 2.4.

The harvested 18 mm electrodes were tested in three-electrode electrochemical cells
(EL-CELL). Each cell consisted of a NCA electrode as working electrode, lithium
metal as counter electrode and as reference electrode, a glassy-fiber separator and
0.5 mL commercial electrolyte (LP30, Ube Industries). The assembled cells were
galvanostatically cycled for two cycles at the 1C rate (i.e., 1.4 mA) between 3.0 V -
4.3 V vs. Li/Li+ and charged to the planned SoC or charged with an elevated C-rate
in the third charging pulse. VMP3 potentiostat (Bio-Logic) was used. The cycled
electrodes were rinsed three times with dimethyl carbonate and dried under vacuum
before conducting further characterizations. In this work, the 100% SoC is defined by
the electrode capacity value which charges at 1C constant current with the potential
limit of 4.3 V vs. Li/Li+. The impedance measurements were performed on ORP-EIS
with two-electrode configuration. A frequency range of 1 mHz - 5 kHz and amplitude of
5 mV RMS were chosen for the ORP-EIS experiments. The cross-sectional image of the
NCA electrodes was taken with a Leitz Metallovert optical microscope. The SEM im-
age of the NCA electrodes was obtained using a JSM-IT300 (JEOL) electron microscope.

KPFM measurements were performed on the commercial AFM setup introduced in
chapter 2. An AC signal (17 kHz and 2 V amplitude) was extracted from the lock-in
amplifier and fed into the KPFM controller. VEXT was applied to the tip to compensate
VCP D. KPFM experiments were performed with Cr/Au-coated Si tips (NSC36-Cr/Au,
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MikroMasch). In this work, all presented VCP D values were obtained from measure-
ments taken in three different regions of the same sample. Each measurement scanned
40 µm × 40 µm electrode areas, which was the maximum scan size for this AFM. Each
KPFM map consisted of 512 pixels × 512 pixels, and each pixel provided a potential
reading. All the potential readings (3x5122 data points) from the three measurements
were gathered and analyzed using Gaussian Distribution. The mean value and the
standard deviation of the Gaussian Distribution were VCP D and its error bar, respec-
tively. Each AFM tip also had a unique φtip. In order to correlate the results obtained
from different tips (but the same model), all the tips were calibrated by measuring
VCP D value from the same electrode (i.e., 100% SoC), and comparing the results with
the VCP D obtained from the first tip used in this work. The difference ∆Vx, derived
from VCP D,tip1 − VCP D,tipx, was applied to correct the results measured by tip x.

3.3 Results and Discussion

In Figure 3.1(a), a cross section of the NCA cathode material can be observed. The
power-optimized NCA electrode displays a thin-layer material coating (ca. 17 µm).
Such a thin-coating design is key to obtain a consistent surface condition (in-plane) by
reducing the inhomogeneous charge state towards the direction that is perpendicular
to the current collector (through-plane) [79, 123]. Figure 3.1(b) shows the morphology
of the NCA electrodes, in which the spherical-like secondary particles consisting of
primary particles can be observed.

NCA electrodes were charged to five SoCs at 1C rate and characterized by KPFM inside
an argon-filled glove box. It is crucial to perform KPFM within an inert atmosphere
on NCA electrodes. Faenza et al. [67] and Grenier et al. [124] comprehensively investi-
gated the growth of ambient induced surface impurities on NCA electrode materials.
This behavior was confirmed performing a KPFM measurement on a discharged (0%
SoC) NCA electrode in an ambient environment. The results are shown in Figure 3.2.
Consecutive KPFM measurements were performed on the center region, marked with
the white dots. The scan size was limited in order to achieve short time intervals. We
have chosen three measurements with different exposure time. An evident increase
of the VCP D was observed as the exposure time extended. Figure 3.2(c) shows the
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Fig. 3.1: (a) optical image of the cross-sectional area of the NCA electrode; (b) SEM
image of the NCA electrode.

evolution of the surface potential of the measured region as a function of exposure
time in the ambient atmosphere. The obtained potential values were analyzed by
Gaussian Distribution, the VCP D values shown in Figure 3.2(c) are the mean and
standard deviation of the distribution. It is evident that VCP D increases in the first
200 minutes of the exposure. After 200 minutes, the surface is gradually stabilized
and the VCP D reaches a plateau. The other NCA electrodes, stored and measured
inside the glove box, retain their surface potential value. The results confirm that a
protected atmosphere is necessary to conduct KPFM measurements on NCA electrode
materials in order to avoid the rapid passivation reactions occurring under ambient
condition [125]. More importantly, the results demonstrate the high surface sensitivity
of KPFM measurements. It is worth noting that the solid-electrolyte interface (SEI)
layer, a kind of passivation layer in lithium-ion battery systems, can potentially play
a critical role in the measured surface potential, especially in severely aged batteries.
Therefore, in this work, non-aged electrodes were used and carefully cycled within the
potential stability window of the electrolyte in order to avoid the formation of the SEI
layer [13].

Figure 3.3(a) shows the surface potential of the NCA electrode at five different SoCs.
The surface potential increases as the SoC level rises. Figure 3.3(b) presents the
plot of VCP D versus the electrode’s charging capacities. Additionally, the black curve
represents the 1C constant current charging curve with the potential limit of 4.6 V
vs.Li/Li+. The red circles indicate the limits of the charging potential, where the



34 Advanced surface characterization of NCA cathode material using KPFM

electrodes were charged to 0%, 50%, 75%, 100%, and 111% SoC, respectively. As shown
in Figure 3.3(b), the average VCP D corresponds to the electrochemical potential and
aligns itself with the charging curve. This correspondence indicates a clear correlation
between the local surface potential (i.e., VCP D ) and macroscopic electrode properties
(i.e., electrochemical potential and therefore, SoC).
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Fig. 3.2: KPFM measurements on the NCA electrode (0% SoC) in ambient atmosphere.
(a) topography of the measured area; (b) surface potential of the selected region (the
white square in (a)) with different exposure time in ambient atmosphere; (c) the
evolution of the surface potential of the selected region as a function of exposure time
in the ambient atmosphere; the error bar indicates the standard deviation of the VCP D

values.
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Moreover, a linear relation is derived between VCP D (in mV) and the electrochemical
potential E (in mV) as shown in the inset figure of Figure 3.3(b). The best-fit linear
relation is

VCP D = 0.74E − 2585 (3.1)

The adjusted R-squared of the linear fit is 0.991, which is used to assess the quality of
the fitting. The uncertainties of the fitted parameters (i.e., the slope and the intercept)
are about 5.0%. As shown in Figure 3.3, the electrode surface is not homogeneous and
hence multiple scans taken from different regions of the same sample and a relative
large scan area are always preferred to obtain a characteristic VCP D value for a more
accurate linear correlation. It is important to notice that the linear relation represented
in Equation 3.1 is not unique. This calibration procedure should be carried out for
each type of AFM tip and each batch of electrode samples. This is due to the fact that
VCP D critically depends on the chemical composition and geometry of the AFM tip and
the surface conditions of the electrode samples [122, 126]. The surface conditions of a
battery electrode can be affected in different ways such as the crystal orientations and
the material compositions (i.e., amount of conductive agents and binders), etc. [78, 95].

The physical standing ground of this direct correlation can be attributed to the
Fermi energy, which is the determining factor of the measured surface work function
associated to VCP D (Equation 2.2). Meanwhile, the Fermi energy is also a function of
electrochemical potential associated to a redox couple in a solution phase [127, 128].
In a battery system, NCA (or other transition-metal oxide with αNaFeO2 structure)
electrodes consecutively alternate their microstructure during charge or discharge as a
result of lithium ions extraction or intercalation from the host structure. The changes
of the lithiation level lead to variations of their Fermi energy [129, 130], which is
commonly identified as the changes of the electrochemical potential in a solution phase.
The intrinsic correlation between the electrochemical potential and the Fermi energy
can be described by [131]

∆E = ENCA − ELi = φNCA

e
− φLi

e
+ ∆φinterface

e
(3.2)

where ENCA and ELi are the absolute electrode potential of NCA and lithium counter
electrodes, respectively [132]; e is the elementary charge; φNCA and φLi are the work
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Fig. 3.3: (a) surface potential of NCA electrodes at different SoC; scan size: 40 µm ×
40 µm. (b) surface potential as a function of charging capacity and compared with the
1C charging curve; the inset figure displays the linear correlation between the surface
potential VCP D and the electrochemical potential E. The y-axises, VCP D and E, are
rescaled based on Equation 3.1.

function of the electrodes at the absolute vacuum scale, and accordingly, φNCA

e
and

∆φLi

e
are their Fermi energy; ∆φinterface has been called the interfacial parameter [133],

which is specific for a given electrode-electrolyte interface. This equation was originally
used to describe metal electrodes in a liquid solution [131]. Here, it is extended
to LIB systems. This work reveals that the variations of the Fermi energy during
charging/discharging can also be addressed by KPFM experiments in a gaseous phase.
According to Equation 2.2, the Equation 3.2 can be rewritten as

∆E = ENCA − ELi = VCP D + φtip − φLi + ∆φinterface

e
(3.3)
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where the electrochemical potential ∆E shows a linear correspondence to VCP D with
unity slope. However, in practice, the experimentally determined slope often deviates
from unity [120, 134], possibly due to deviations between theoretical electrochemical
potential and the experimentally measured electrochemical potential, or between the
work function at the absolute vacuum scale and the experimentally determined work
function [133]. In LIB systems, the deviations can be more significant than the previ-
ously studied metal electrodes [120, 134] due to complex surface conditions of battery
electrodes. Nevertheless, this work confirms that a linear correspondence between the
electrochemical potential and the average surface potential measured by KPFM can
still be established.

The practical applications of using the linear correlation to study lithium-ion battery
systems has been explored further in this work. According to the electrode charging
curve shown in Figure 3.3(b), the electrochemical potential is also a function of SoC, so
that VCP D can be correlated to SoC and applied to estimate the local SoC distributions.
Figure 3.4 shows a KPFM measurement on the NCA electrode at 100% SoC. In the
surface potential map (Figure 3.4b), the shape and position of individual particles can
be directly differentiated since the area between the particles exhibits lower VCP D values.
Notably, some regions show significantly high potentials (the solid-red areas) shown in
Figure 3.4(a). They are the artifacts induced by the drastic changes of the topography,
where the z-scanner reaches its limitation and cannot obtain the correct feedback
response [122]. Most particles exhibit similar VCP D values, but it is still possible to
identify some inhomogeneities as displayed in Figure 3.4(b). According to the correla-
tions discussed previously, inhomogeneously distributed VCP D indicates the presence of
inhomogeneities of the electrochemical potential and SoC. Two representative particles
were selected and marked as A and B in Figure 3.4(b). These two particles were located
next to each other but exhibited different VCP D values, which were retrieved from the
surface potential map, analyzed by Gaussian Distribution and shown in Figure 3.4(c).
µ is the mean and σ is the standard deviation of the distribution. By using the best-fit
linear relation specified in Equation 3.1, the electrochemical potentials of particle A
and B were derived from µ, and their uncertainties were estimated from σ by error
propagation. Next, their SoC levels could be derived through linear interpolations of
the electrochemical potential E on the charging curve combined with the Bootstrap
method [135]—2000 values were randomly generated based on Gaussian distribution
with the converted electrochemical potential value (A or B) as the mean, and the
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potential uncertainties (A or B) as the standard deviation; the 2000 SoC values were
derived from the linear interpolation of the 2000 electrochemical potential values; in the
last step, the 2000 SoC values were fitted using Gaussian distribution, where the mean
and the standard deviation were the final SoC value and its uncertainties, respectively.
As summarized in Table 3.1, the SoC difference between the two particles is estimated
to be 4.9% ± 2.1% SoC.

0

1 0 0

2 0 0

3 0 0
 

 

 Co
un

ts

 B
µ =  6 2 0
σ =  1 0

5 0 0 5 2 0 5 4 0 5 6 0 5 8 0 6 0 0 6 2 0 6 4 0 6 6 0
0

1 0 0
2 0 0
3 0 0
4 0 0

µ =  5 6 8
σ =  1 6

 

 

 

V C P D / m V

 A

( c )

Fig. 3.4: KPFM measurement of the NCA electrode at 100% SoC. Scan size: 40 µm ×
40 µm. (a) topography; (b) potential map; (c) distribution of potential values of
particle A and particle B.

It is important to notice that the errors of the SoC values estimated using the approach
described here were calculated considering only the dispersion of the VCP D values
within each area analyzed (e.g., region A and region B in Figure 3.4). Nevertheless,
the uncertainty range associated with the derived SoC values can also be affected by
the factors such as the goodness of the linear fitting between VCP D and the electro-
chemical potential, and the uncertainties related to the interpolation procedure from
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electrochemical potential to SoC values.

Table 3.1: The information of the selected particle A and particle B in Figure 3.4.

Particle VCP D/mV E/V SoC
A 568 (± 16) 4.251 (± 0.022) 95.5% (± 1.9)%
B 620 (± 10) 4.320 (± 0.014) 100.4% (± 0.7)%

Surface potential maps with a higher spatial resolution can be achieved by decreasing
the scan size and keeping the same amount of data points. As demonstrated in Fig-
ure 3.5, a KPFM measurement was first conducted on a large region of the electrode
at 100% SoC. The second scan was performed on the selected region of the previous
test in order to obtain a high resolution map on the selected particle, marked with
the dotted line in Figure 3.5. The measured VCP D values were first converted to the
corresponding electrochemical potential using the best-fit linear correlation specified in
Equation 3.1. Then the SoC of each measured VCP D value was estimated by applying
linear interpolation of the corresponding electrochemical potentials on the 1C charging
curve and re-plotted. Accordingly, a SoC map with a high spatial resolution was
achieved.

In Figure 3.5 (c) and (d), it can be seen that the marked particle is an agglomeration
of two secondary particles and exhibits a distinctive distribution of SoC. In the middle
of the agglomeration, the junction area displays a significantly lower SoC than the
rest of the agglomeration. By focusing on the individual particles, both left and right
side of the agglomeration show noticeable inhomogeneity. It is important to note that
each measured VCP D data is always a weighted average of the surface potential around
the AFM tip [126]. When KPFM is applied to scan a large area with a relatively low
resolution, for instance Figure 3.4(b), the spatial averaging effect influences the final
results to a lesser extent. On the contrary, for the high resolution KPFM experiment
the vicinity of the tip plays an important role in the observed potential values. The
variations of the local material composition (i.e., active material, conductive agent
and binder), the crystal orientation of the primary particles and surface geometry
all potentially contribute to the inhomogeneous surface potential within secondary
particles as shown in Figure 3.5 [63, 78, 95]. So, the nanoscale heterogeneity measured
by KPFM cannot be simply ascribed to SoC distribution, but the local environmental
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effect should also be taken into account. Nevertheless, owing to the intrinsic correlation
between the Fermi energy and electrochemical potential, the KPFM results still indicate
the presence of nanoscale inhomogeneous surface reactivity within the liquid electrolyte.

Fig. 3.5: KPFM measurements of the NCA electrode at 100% SoC. Scan size: 25 µm ×
25 µm and 12µm × 12 µm. (a) and (b) topographies; (c) and (d) SoC maps

It is important to notice that standard Kelvin probe method can also be used to
measure the surface potential of the samples. However, the spatial resolution of this
technique, typically around 50 µm, is much lower than the resolution that could be
achieved using KPFM (<100 nm). Therefore, with the use of KPFM, inhomogeneities
within primary particles of the LIB cathode material could be easily identified. The
methodology presented in this work highlights the great capabilities of KPFM to build
a calibration curve based on average surface potential values obtained from large scans
and use them to carry out analysis of surface inhomogeneities at high resolution.

The behavior of the surface inhomogeneity on the NCA electrodes that were charged
at elevated C-rates were investigated further. The charging rates were increased to
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5C, 10C, 13C and 17C, and the final SoC of the electrodes were 94.5%, 87.4%, 86.3%
and 80.3% (relative to the 1C charging capacity), respectively. In Figure 3.6, there
are no obvious changes to the standard deviations of VCP D, but the VCP D values
significantly increased with the elevated charging rates despite their lower charged
capacities. For a better comparison, a reference curve showing VCP D versus SoC at
1C charging condition, is also provided. The VCP D values deviate from the 1C curve,
and a higher charging rate leads to a more significant deviation. An additional NCA
electrode, which went through a 17C charging pulse and later charged at 1C in the
last cycle was also included. As shown in Figure 3.6, this electrode restores the 100%
charging capacity, and its VCP D is also recovered to the reference value but with a
slight shift to a higher value.
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Fig. 3.6: Surface potentials of NCA electrodes charged to 4.3 V vs. Li/Li+ with
different charging rates. The SoCs are the measured capacities relative to the 1C
charging capacity. The curve of VCP D vs. SoC (1C) is obtained by directly connecting
the five measured VCP D values from electrode charged at 1C.

This phenomena can be attributed to the uneven delithiation induced by the limit of
Li+ solid-state diffusivity. In an ideal scenario, the charging capacity is dependent on
the charging rate owing to the ohmic resistance artifact: with higher charging current,
the operating potential reaches the potential limit with less capacity than the lower
charging current mainly due to the polarization potential. Their VCP D should be lower
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than the electrode at 100% SoC since the electrodes just simply charge to a lesser
extent. However this is not always the case in practice as the solid-state diffusion of
Li+ plays a crucial role on the deviations of VCP D. In the charging process, lithium
ions are extracted from the surface of the active particles into the electrolyte, while
other lithium ions diffuse from the bulk towards the surface of the active particle to
continue the charging reaction [136]. At a low charging rate, the depletion of lithium
ions can be refilled adequately by the ions diffusing from the bulk. However, at a
high charging rate, the amount of depleted lithium ions can not be sufficiently refilled
due to the sluggish solid-state diffusion. As a consequence, the surface region of the
particles extract more lithium ions than the bulk during the charging pulse. Figure 3.7
shows the schematic figure of an unevenly delithiated NCA particle. Increasing the
charging rate leads to a larger lithium concentration gradient and a higher SoC level
on the outer surface. Beyond a certain delithiation state, the microstructure goes
through irreversible changes leading to material degradation [58, 59]. This theory can
be applied to describe the behavior of the electrode, which was initially charged at 17C
and then at 1C rate. Due to the irreversible microstructure changes caused by 17C
charging pulse, the electrode shows a slight tendency to reach a higher VCP D value
than the electrode charged only at 1C.

Delithiation level 
(SoC level)

Low High

Fig. 3.7: Schematic of an unevenly delithiated NCA particle after a high-rate charging.
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The KPFM results confirm the excellent surface sensitivity of the technique owing to
the intrinsic property of the measured work function, which is a surface dependent
parameter [137]. In addition, the surface over-delithiation state suggests a possible
degrading scenario of the NCA electrode material at elevated charging rates, in which
an irreversible microstructure is formed on the outer surface layer of NCA particles, and
gradually accumulates with extended charging cycles. Improving the Li+ solid-state
diffusivity or introducing transition-metal gradient structures can help to restrain this
detrimental process. The latter concept has been successfully achieved on another
LiNiO2-based material, LiNixMnyCo1−x−yO2 (NMC) [138, 139]. The nickel gradient
NMC particles present the nickel-deficient structure on the outer layers and the nickel-
rich structure in the inner layers, where the nickel-deficient layers provide extra Li+

diffusivity and microstructure stability, and the nickel-rich layers assure sufficient
energy capacity [139].

3.4 Conclusion

In summary, a direct linear correlation between the electrochemical potential in a
liquid phase and surface potential VCP D obtained from KPFM in a gaseous phase was
revealed. A quantitative approach to study the local behavior of the cathode material
using the linear correlation has been proposed. Based on the proposed approach,
KPFM is proved to be a robust technique to carry out high resolution surface analysis
on battery electrodes.

• The surface inhomogeneity of battery electrodes were visualized and quantitatively
characterized from the micro-scale down to the nanoscale.

• Surface over-delithiation states were clearly addressed after a charging cycle
at elevated C-rates. Accordingly, a mechanism of uneven delithiation from the
surface to the bulk of the active particle was suggested. It was attributed to the
sluggish solid-state diffusivity of lithium ions.

This work highlights the great capabilities of using KPFM for LIB studies owing to
its excellent experimental compatibility, surface sensitivity and high-spatial resolution
(< 100 nm). We also believe that there is a huge potential of applying this approach
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in solid-state lithium-ion battery systems, one of the promising candidates for the
next generation of battery technology. The solid-state system allows in-situ KPFM
characterizations to be performed, which can significantly advance the fundamental
understanding of the solid-solid interfaces.



Chapter 4

Electrochemical characterization of
NCA cathode material using
ORP-EIS

A comprehensive electrochemical impedance study is conducted on NCA
electrode as a function of state-of-charge and aging. Odd random
phase electrochemical impedance spectroscopy and the symmetric cell
approach are applied in this work in order to obtain reliable impedance
results. An equivalent electrical circuit model is constructed for
interpreting the EIS data. The charge transfer resistance has been
proved to be the most reliable parameter for the estimation of state-
of-health.

This chapter is published as a scientific article:

Zhu, X., Fernández Macía, L., Jaguemont, J., de Hoog, J., Nikolian, A., Omar, N., Hubin, A. Electro-

chemical impedance study of commercial LiNi0.80Co0.15Al0.05O12 electrodes as a function of state of

charge and aging. Electrochimica Acta (2018), 287, 10-20.
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4.1 Introduction

The lithium-ion battery technology has been boosted in the recent years due to the
ongoing electric vehicles (EVs) and hybrid electric vehicles (HEVs) revolution in the
automotive industry. But there are remaining challenges for making them competitive
with respect to conventional vehicles. A reliable diagnostic tool for the evaluation of
the state-of-health (SoH) is one of the remaining challenges due to the complexity of
the battery system as well as the degradation scenarios. Electrochemical impedance
spectroscopy has been proposed as a promising technique for SoH diagnosis [14]. The
measured impedance indicates the status of both the power output and the capacity,
which are the two main SoH criteria of LIB systems.

Theoretically, EIS is capable to provide information about all battery components by
single measurement of a full cell because each component has its characteristic frequency
response. Therefore, EIS is also suggested as a promising non-destructive technique to
on-line monitor all battery components. However, cathode and anode materials often
have similar kinetic parameters, which results in the difficulty to differentiate their
frequency response [140, 141]. The implementation of a reference electrode has been
proposed to gain insights into the impedance of individual electrodes [140, 142, 143].
Nevertheless, some researchers have found that the reference electrode can easily in-
duce impedance distortions depending on the geometrical factors [144–147]. In this
work, we apply another well-established approach: the use of symmetric cells where
working electrode (WE) and counter electrode (CE) are identical [148]. Levi et al. [145]
have summarized that measurements on two-electrode symmetric cells lead to true
artifact-free impedance results.

Several EIS studies on the NCA cathode material have been reported [149–152]. Abra-
ham et al. [151] have investigated the EIS response of NCA electrodes at different
state-of-charge (SoC) levels. The EIS results show significant dependence on the SoC
level due to the crystal structure changes of the NCA electrode material during the
(de)lithiation process. Other researches have investigated the EIS responses of NCA-
based full cells or half cells at a fixed SoC level with different aging conditions [150–152].



4.2 Experimental 47

There is a remaining ambiguity about EIS responses of NCA electrodes as a function of
both the SoC and the aging condition. This aspect hinders the further development of a
reliable EIS-based SoH diagnosing tool. We try to tackle this ambiguity in this work by
the systematic characterization of NCA electrodes that are harvested from commercial
pouch cells (5 Ah) with different aging conditions. A large format commercial pouch
cell is necessary in order to harvest sufficient identically aged materials for consistent
characterizations. The EIS measurements are performed at nine different SoC levels
for each commercial cell with the two-electrode symmetric cell approach. The in-house
developed ORP-EIS is applied for this EIS study. Galvanostatic capacity test, cyclic
voltammetry (CV) and scanning electrode microscopy (SEM) are also performed on
the NCA electrodes in order to obtain extra information for the data interpretation of
the EIS results.

4.2 Experimental

4.2.1 Sample preparation

The four pouch cells contained LiNi0.80Co0.15Al0.05O12 cathodes and Li4Ti5O12 anodes.
They were HEV-optimized cells with the thin-layer coated electrode and commercially
available. The manufacturer provided specifications of the cells shown in Table 2.1.
The cells were aged by the battery tester (PEC - SBT 0550) and cycled at 1C rate,
within the 5% - 95% SoC window and at 25 °C or 45 °C. The aging conditions and
abbreviations are summarized in Table 4.1. BoL (begin-of-life) represents the condition
of NCA electrodes as harvested from the non-aged fresh cell and acts as the reference
condition. C25-2000 represents the NCA electrodes harvested from the commercial cell
that were aged at 25 °C for 2000 cycles. The same terminology applies for the other
two electrode types, C45-500 and C45-1100.

The disassembling of the four aged commercial cells followed the established procedures
discussed in section 2.4.
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Table 4.1: Aging conditions of the four commercial pouch cells

Abbreviation Temperature C-rate Cycles SoC window
BoL - - - -
C25-2000 25°C 1C 2000 5% - 95%
C45-500 45°C 1C 500 5% - 95%
C45-1100 45°C 1C 1100 5% - 95%

The round NCA electrodes were tested in the commercially available electrochemical
cells (EL-CELL, ECC-ref) with a compact sandwich cell design. The cells were prepared
in the three-electrode configuration for CV and galvanostatic capacity tests. Symmetric
two-electrode cells were assembled for EIS tests. The three-electrode cell consisted of
the round NCA electrode as working electrode (WE), lithium metal as both counter
electrode (CE) and reference electrode (RE), and a 1.5 mm thickness glassy-fiber
separator (EL-CELL). The cell was filled with 500 µL commercial electrolyte LP30
(Ube Industries), 1 M LiPF6 in ethylene carbonate and dimethyl carbonate with 1:1
ratio by volume. The two-electrode symmetric cell consisted of two identical round
NCA electrodes (same SoC and aging condition) as WE and CE, the LP30 electrolyte
and the glass-fiber separator.

The original cut 18 mm electrodes were at the discharged state. So, the two identical
NCA electrodes were further prepared as follows: 1) two original 18 mm NCA electrodes
were assembled individually into two three-electrode cells (with lithium as CE and RE);
2) the two three-electrode cells were cycled at a constant current (1C) at room tempera-
ture for 10 cycles; 3) at the last discharge cycle, the two NCA electrodes were discharged
to the target SoC levels (i.e., 20%, 30%, ... 100%) using the coulomb counting method;
4) a three hours relaxation followed; 5) the two identical NCA electrodes were harvested
from the two three-electrode cells inside the glove box and immediately assembled
together with the fresh electrolyte and separator into the two-electrode symmetric cell;
their potential difference was smaller than 5 mV. By this method, two NCA electrodes
can be cycled to an identical condition and nine SoC levels are evenly distributed for
both BoL and aged electrodes. The drawback is that the SoC level is defined individ-
ually according to the electrode capacity so it deviates between electrodes. Instead,
the electrode potential is used here to differentiate the SoC level since it intrinsically
reflects the electrode SoC level, and, indeed, the measured potentials are comparable
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between different aged electrodes. The EIS results were successfully reproduced for
the NCA electrodes harvested from different electrode sheets within the same pouch cell.

4.2.2 Experimental characterization

Cyclic voltammetry (CV) was performed between 3.0 V and 4.3 V vs. Li/Li+ for three
cycles at a scan rate of 20 µV/s. Capacity tests for the harvested NCA electrodes were
carried out by the constant current cycling (charge/discharge) at 0.2C (0.28 mA) with
3.0 V and 4.3 V vs. Li/Li+ cut-off potentials for three cycles. The experiments were
done at room temperature by using VMP3 potentiostat (Bio-Logic). The SEM images
were obtained with JSM-IT300 (JEOL). The particle size distribution analyses was
processed through treatment with ImageJ software (NIH).

ORP-EIS measurements were performed by an in-house designed set-up consisting of a
Wenking Potentiostat POS 2 (Bank Elektronik) and a PCI-4461 DAQ-card (National
Instruments). A frequency range of 1 mHz - 5 kHz and amplitude of 5 mV RMS were
chosen for the experiments. One test session lasted 5000 s and for each symmetric
cell, 5 test sessions were performed with 400 s relaxation time between the sessions.
The impedance spectra showed the fewest time-variant behavior at the third session,
similarly to the behavior previously observed and discussed by Barai et al [153]. Thus,
the third session results were used in this work. It must be noticed that the ob-
tained impedance response from the symmetric cell was the sum of two electrodes and
should be divided by two. For each conditions of the NCA electrode, three individual
symmetrical cells were tested to reproduce the EIS results. The quantitative analysis
of the impedance was further carried out by equivalent electrical circuit (EEC) modeling.

4.3 Results and discussion

4.3.1 Characterization of the harvested electrodes

The NCA cathodes were harvested from three aged and one fresh commercial cells
and characterized in laboratory three-electrode cells with lithium metal CE and RE
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electrodes. Figure 4.1 shows the charge and discharge curves of four NCA electrodes at
0.2C rate. Results of the third charge/discharge cycle are presented since it is after the
first two cycles that the cells reach stabilization. C45-1100 shows the lowest capacity
value and C25-2000 shows the value closest to the BoL electrode even though it has
the highest number of cycles. The results clearly show that the cycling temperature
has more impact on the capacity loss of the NCA electrode than the number of cycles.
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Fig. 4.1: Charge and discharge curves of NCA electrodes in three-electrode half cells.
0.2C constant current with 3.0 and 4.3 V vs. Li/Li+ cut-off potential.

Cyclic voltammograms of the four NCA electrodes are demonstrated in Figure 4.2.
Results of the second cycle are presented. Due to the ultra-slow scan rate, only the first
cycle is used for the stabilization. Four characteristic redox peaks are present due to
fact that the NCA electrode material undergoes several phase transitions during lithium
deintercalation (anodic scan) and intercalation (cathodic scan) processes [25, 154]. This
indicates the variation of electrochemical kinetics at different potentials. Therefore,
it is necessary to systematically characterize the EIS response as a function of the
SoC level. By comparing the four CVs, all the redox peaks are still present in the
aged electrodes but with decreased peak currents especially in the low potential range.
It implies that the phase transitions of the NCA material remain but the electrode
capacity decreases. The anodic peak around 3.65 V vs. Li/Li+ slightly shifts towards
a lower potential after aging.
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Fig. 4.2: Slow scan rate cyclic voltammograms of harvested NCA electrodes in three-
electrode half cells. Scan rate: 20 µV/s.

Figure 4.3 shows the cross-sectional SEM image of the NCA electrode from the BoL
cell. The coating thickness of the NCA material is only about 16 µm since the cell
is optimized for the power density [155]. It has been revealed by several studies that
the thickness of the electrode coating greatly influences the impedance response due
to the distortions from the porous structure [156–158]. In this work, the thin-coating
electrode system is chosen in order to simplify the impedance study and focus on the
degradation of the cathode material itself.

Fig. 4.3: SEM image of the cross-section of the BoL electrode
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Figure 4.4 shows the surface morphology of the four harvested NCA electrodes.
Spherical-like secondary NCA particles are composed by smaller size of primary parti-
cles. There are no obvious morphological changes between BoL and aged electrodes. A
statistical particle size distribution analysis is performed based on the SEM images at
a x500 magnification. The particles whose radius is smaller than 1 µm are excluded
from the analysis, since such small particles are most likely the fragments of primary
particles and they create artifacts for the analysis. The results of the particle size
distribution are shown in Figure 4.5. The bottom and top of the box represent the first
and third quartiles and the band inside the box is the median. The bars indicate the
lowest and highest datum within 1.5 interquartile range, and the dots are the outliers.
It is clear that not only the mean value of the particle size increases with the aging
level but also the width of the distribution increases and slightly shifts towards higher
particle sizes. This can be explained by the volume expansion and contraction of NCA
particles during the charge and discharge processes. Additionally, the electrode cycled
at 45 °C presents a higher particle size than the electrode cycled at 25 °C. Watanabe
et al. [159] have published similar results.

4.3.2 ORP-EIS characterization

It is the first time that ORP-EIS is applied to a battery system. Figure 4.6 presents the
ORP-EIS results obtained from the symmetric cells with the NCA electrodes harvested
from the four pouch cells. The electrode potentials are around 3.82 V vs. Li/Li+, which
is at the mid-SoC level. It is evident that the four impedance spectra are similar, but
with the increased impedance for the aged electrodes. The main contributions in the
impedance spectra occur at the mid frequency range (around 10 Hz), which corresponds
to the charge transfer process, and at the low frequency range (below 0.1 Hz), which is
associated with diffusion processes [149, 151]. In the high frequency region, there is a
less significant contribution assigned to the behavior of the interface passivation layer
and an inductive effect, which is an artifact induced by the test equipment [102, 157].
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Fig. 4.4: SEM images of the four harvested NCA electrodes. The magnifications are
x500 and x6500.
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Fig. 4.5: Box plot of the particle size distribution of the four NCA electrodes.
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Fig. 4.6: ORP-EIS experimental and modeled data of the harvested NCA electrodes.
Test condition: symmetric cell; 1 mHz to 5 kHz; 5 mV RMS.

A Voigt type EEC model is constructed according to the impedance spectra, as
shown in Figure 4.7. L represents the inductance of the equipment. Rs represents
the electrolyte ohmic resistance. The parallel Rp and Cp represent, respectively, the
resistance and capacitance related to the passivation layer on the electrode-electrolyte
interface, corresponding to the small arc at high frequencies. The parallel Rct and
the constant phase element (CPE) are related to the charge-transfer process, which is
seen as the dominating arc in the Nyquist plots. The generalized finite-space Warburg
(GFW) describes the diffusion behavior [160–162]. During the discharge of the NCA
electrode, the lithium ions intercalate into the NCA material at the solid-electrolyte
interface and diffuse from the interface into the bulk of the material. The lithium ions
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diffuse in the opposite way for the charging reaction. In this way, the GFW element
is added in series with Rct and parallel with CPE [102]. The distributed elements
CPE and GFW are used in order to model the dispersed impedance response. Their
mathematical expressions are given by:

ZCP E = 1
Q(jω)α

(4.1)

ZGF W = RL
coth(jωτ)Φ

(jωτ)Φ (4.2)

where j is the imaginary unit and j2 = -1, ω is the angular frequency, Q is the pa-
rameter related to the double layer capacitance, α is the constant phase exponent
(0 < α < 1), RL is the low-frequency limiting resistance, τ is the characteristic diffu-
sion time constant, and Φ is the experimental parameter related to the non-uniform
diffusion [102, 103].

Besides the impedance spectra, the non-linearities, the non-stationarities and the noise
level are presented in the Bode plot by three extra curves: noise level, non-linearities
+ noise level and non-stationarities + noise level. For ideal EIS data, the three lines
should overlap and be at least two orders of magnitude lower than the impedance
response [102]. Non-stationarities are observed in all the impedance results in this work.
We attribute this non-stationary behavior to the highly reactive electrode surface. This
behavior has been systematically studied by Barai et al. [153]. The non-stationarities
level could be reduced by increasing the measured low frequency limit, which results
in a reduction of the measuring time. Yet, in this way, the low frequency response
would be traded off. Nevertheless, here the noise distortions are about three orders
of magnitude lower than the impedance response; therefore, the quality of the EIS
data is still ensured. The non-linearities are subtler and seem to be parallel with the
non-stationarities. In this case, it might be an artifact induced by the non-stationarities
related to the calculation of the distortion curves [90].

The impedance results are fitted using the EEC model (Figure 4.7). The modeled
impedance data sufficiently match the experimental data as shown in Figure 4.6. In
order to properly assess the goodness-of-fit, the complex residual is compared with



4.3 Results and discussion 57

L Rs

Cp CPE

Rp Rct GFW

Fig. 4.7: Constructed equivalent electrical circuit for the impedance fitting.

non-stationarities + noise level. Practically, the two curves coincide but some devi-
ations are present at the high frequency and the low frequency regions. It implies
that the model is less adequate to predict the impedance behavior at these regions.
Nevertheless, the fitted residual relative to the impedance magnitude is always below
10%. The same criterion is applied to all the impedance modeling in this work, with
equivalent fitting quality results, which indicates the validity of the proposed EEC
model.

Table 4.2 provides the best-fit parameters and the relative parameter errors for the
four NCA electrodes at potentials around 3.82 V vs. Li/Li+. Rct, CPE, GFW are
the main elements of the EEC model and all their associated parameters present low
uncertainties. In this work, the generalized diffusion model is sufficient to achieve a
good fitting since the thin-electrode coating results in a simple diffusion response. By
increasing the electrode coating thickness, more complex diffusion models [163, 164]
should be applied in order to adequately describe the diffusion behavior containing
both the porous diffusion and the solid-state diffusion. The latter case is outside the
scope of this work. L, Rp and Cp are the parameters related to the high frequency
response. They present higher uncertainties. The errors are especially high in the case
of L, representing the system artifact, for which only few data points are collected.
The estimated values of Rp and Cp might be influenced by the poor certainty of L.
Nevertheless, L, Rp and Cp represent minor contributions to the whole impedance
response so that the overall fitting quality is still acceptable.

For an overview of the measured EIS data, Nyquist plots of all results are presented in
Figure 4.8. The four sub-figures correspond to the four harvested NCA electrodes at
the different electrode potentials. First of all, all the impedance results show a similar
impedance spectrum that consists of two semicircles and a diffusion tail. For the
BoL electrode, the impedance is significantly increased in the low and high electrode
potential regions. A similar behavior has been reported and discussed by Abraham et
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al. [151]. This can be also observed on the aged electrodes, C25-2000 and C45-500. As
for the most aged electrodes C45-1100, the impedance is increased in the low electrode
potential region but not in the high potential region. It might relate to the unexpected
self-discharge behavior during the relaxation step after the electrodes are brought to
the potential above 4.0 V vs. Li/Li+. Therefore, we could not successfully bring the
electrodes to the target SoC levels. By using the Constant Current Constant Voltage
(CCCV) protocol, the self-discharge behavior could be partially suppressed. Yet, we
did not change the charging protocol in order to keep the consistency between the
impedance measurements.
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Fig. 4.8: Nyquist plots of four harvested NCA electrodes as a function of the electrode
potential, showing the experimental and fitted EIS. Test conditions: symmetric cell; 1
mHz to 5 kHz; 5 mV RMS.

4.3.3 Impedance interpretation

All EIS data for the four electrodes at the different electrode potentials, shown in
Figure 4.8, are also fitted with the proposed EEC. The impedance interpretation is
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focused on Rct, CPE, GFW since they contribute the most to the impedance response;
however, all parameters related to the electrochemical system are presented and dis-
cussed below.

Figure 4.9 displays the model parameters related to the high frequency phenomena. In
Figure 4.9 (a), the electrolyte ohmic resistance Rs does not show a clear trend respect
to both the electrode potential and the aging level. The variations are attributed to
the experimental errors. In Figure 4.9 (b) and (c), Rp and Cp relate to the electrode
surface passivation layer. Due to the low active material loading density resulting from
the thin-layer coated electrode, their fitted values are low compared to the other fitted
parameters and Rp and Cp have minor contributions to the total impedance. During
the post-mortem processes to harvest the electrodes, the passivation layer might be
altered, which makes the further interpretation of the related parameters difficult and
not substantially relevant.

The interpretation of the dispersed diffusion impedance of a porous electrode is
undoubtedly challenging. Meyers et al. [165] and Levi et al. [163] have theoretically
studied the impedance response of a porous electrode composed of intercalation particles
by model calculation. Recently Cericola et al. [158] have experimentally investigated
the impedance response of graphite electrodes by varying the porous structure (porosity,
particle size, thickness etc.). They all prove that the impedance response of the diffusion
region is dependent on the electrode porous structure. In this work, a generalized
finite-space Warburg element is sufficient to model the diffusion response since the
porous structure here presents minor effects because of the thin-coating electrode
(Figure 4.3). The physical standing ground of the GFW element has been derived
from the distribution of activation energies treatment [166]. Later on, the generalized
diffusion behavior has been theoretically studied by Diard et al. [167], Bisquert et
al. [168] and Criado et al. [169]. RL, τ and Φ are the three parameters associated with
the GFW element. RL is the limiting resistance of the finite-space Warburg, but its
physical interpretation for the GFW is still unclear. Here we focus on the parameters
τ and Φ. When Φ = 0.5, GFW becomes an ideal finite-space Warburg element, for
which the solid state diffusion of Li+ inside the host material can be described by the
equation [136]:

τ = l2

DLi+
(4.3)
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Fig. 4.9: (a) Electrolyte resistance Rs as a function of the electrode potential; (b)
passivation layer resistance Rp as a function of the electrode potential; (c) passivation
layer capacitance Cp as a function of the electrode potential. The error bars indicate
the fitting errors.

where l is the effective diffusion length and DLi+ is the solid-state diffusion coefficient
of lithium ions.

Figure 4.10 shows the plotted Warburg parameters as a function of the electrode
potential. The inset figure shows that the exponential factor evolves around a value
of 0.4 for all the experiments. When Φ deviates from 0.5, the impedance response in
the diffusion region is dispersed. Cabanel et al. [170] has studied EIS of the proton
intercalation in Nb2O5 and derived an empirical expression to calculate the diffusion
coefficient from the non-ideal finite-space Warburg element. Here we could not further
retrieve the diffusion coefficient due to the uncertainty of the effective diffusion length:
for the solid-state diffusion, this length is associated with the size of both the primary
particles and the secondary particles, and meanwhile the porous diffusion also plays a
role in the overall diffusion response [158]. Nevertheless, τ is still inversely proportional
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to DLi+ for the electrodes obtained from the same batteries, since the porous structure
is unaltered (or has minor changes) at different electrode potentials. From Figure 4.10,
it can be seen that τ drops rapidly with the increase of the electrode potential in the
low potential region and reaches a steady state around 3.7 V vs. Li/Li+. Then it
starts increasing again in the high potential region above 4.2 V vs. Li/Li+. Hence
a parabolic-like behavior is observed. Since DLi+ is inversely proportional to τ , this
behavior is attributed to the variation of DLi+ through the whole electrode potential
region [151]. Ceder et al. [171] has correlated the Li+ solid-state diffusivity to the
material’s c-lattice parameter by density functional theory (DFT) calculations. They
also found that at a high electrode potential (i.e., high delithiation level) the c-lattice
decreases due to the strong O-O interaction, leading to a lower DLi+ . At an electrode
potential lower than 3.7 V vs. Li/Li+ (i.e., the high lithiation level) the c-lattice
parameter also drops significantly, which has been experimentally observed by Kleiner
et al. [172].
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Fig. 4.10: Characteristic diffusion time constant τ as a function of the electrode
potential. The inset figure is the plot of the exponential factor Φ. The error bars
indicate the fitting errors.

C45-1100 and C25-2000 show lower τ values than the other two batteries with less
aging cycles. This might indicate a strong effect of the number of cycles on the τ

values, due to the fact that both the porous structure and DLi+ change during cycling
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aging [58, 70, 159]. In addition, the change of the particle size shown in Figure 4.5 is
another influencing factor that must be taken into account. The deviations between
different batteries cannot be simply explained by the variation of DLi+ . For further
quantitative analysis, more elaborated diffusion models are required [151, 173], which
involve significant fitting complexities.

The CPE parameters α and Q are plotted in Figure 4.11 (a) and (b), respectively. The
exponential parameter α is used to mathematically describe the dispersion level of
the impedance response. When α = 1, CPE behaves as an ideal capacitor. In this
work, 0.8 < α < 1, thus the deviation from the pure capacitive behavior is not drastic.
The origin of the CPE behavior is often attributed to the surface inhomogeneity or
dispersed charge-transfer reactions [103, 174].
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Fig. 4.11: (a) CPE parameter α and (b) CPE parameter Q as a function of the electrode
potential. The error bars indicate the fitting errors.

The BoL electrodes present lower α values that evolve with the electrode potential;
especially at 3.65 V - 3.85 V vs. Li/Li+, α shows a considerable drop. Robert et
al. [175] studied the activation mechanism of NCA by in-situ X-ray diffraction. They
found an irreversible phase transition, the pristine phase to the solid-solution phase,
between 3.40 V and 3.84 V vs. Li/Li+ in the initial cycles of the aging of pristine
NCA electrodes. By considering the results from Robert et al., we attribute the origin
of the low α value for the BoL electrodes to the existence of both pristine phase and
solid-solution phase which results in the dispersion of charge-transfer reactions. For the
aged electrodes, the α values increase and become stable at values above 0.9, due to
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the fact that after certain amount of cycles all the pristine phase has transited to the
solid-solution phase which involves only one charge-transfer time constant. Here the
small deviation of the α values from 1 results from the porous structure of the electrodes.

When α = 1, Q has units of capacitance. In this work α < 1, thus Q does not directly
represent the capacitance. However, for most of the results, the α values do not differ
much from case to case and are close to 1, so it is still acceptable to compare Q values
between the aged electrodes. Q associates to the double-layer capacitance, which
reflects the active surface area of the electrodes. Figure 4.11 (b) shows the plot of
Q against the electrode potential. For the aged electrodes, C25-2000, C45-500 and
C45-1100, Q shows minor changes with the different electrode potentials. On the other
hand, the BoL electrode behaves differently: it decreases with the higher electrode
potential in the range of 3.65 V to 3.80 V vs. Li/Li+. This behavior is attributed to the
changes of the α values in this potential region due to the presence of an irreversible
phase transition. In this potential region, the dispersion of the CPE is induced by the
extra time constant linked to the phase transition instead of the porous structure, so
Q cannot be directly associated to the double-layer capacitance here. In the potential
range above 3.80 V vs. Li/Li+, Q becomes stable and can be linked to the double-layer
capacitance since only the porous dispersion presents and α values close to 1. In
Figure 4.11 (b), it is also clear that C45-1100 presents distinctively lower Q values
than the other electrodes. BoL, C25-2000 and C45-500 electrodes show similar Q

values, having the BoL electrodes slightly higher Q values than C25-2000 and C45-500;
C25-2000 electrodes present slightly higher Q values than C45-500. The overall trend
nicely corresponds to their capacity values as shown in Figure 4.1. The aging of the
electrode leads to a decrease of the active surface area, which results in a lower Q value.
Some studies [70, 159, 176] have revealed that the electrode aging process can cause
the loss of electrical contact between the active particles due to the volume expansion.
Some other studies [55, 59, 177] have found a formation of the NiO-like non-active
surface layer on the active electrode particles. Additionally, both aging phenomena
accelerate with the elevated cycling temperature.

The CPE parameter Q shows the potential to be a reliable indicator for the SoH esti-
mation if the α values are constant and close to 1. For the other situations where the α

values largely deviate from 1, Q cannot be directly used to represent the double-layer
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capacitance anymore.

Figure 4.12 shows the variation of the charge transfer resistance Rct with the electrode
potential. By increasing the electrode potential, Rct decreases firstly and starts
increasing again in the high potential region. The parabolic-like behavior is clearly
observed in all four NCA electrodes. Rct is linked to the electrochemical reaction
kinetics by:

Rct = RT

nFA0i0
(4.4)

where R is the gas constant, T is the absolute temperature in Kelvin, n is the number
of electrons, F is the Faraday constant, A0 is the active surface area and i0 is the
exchange current density. According to Equation 4.4, Rct is inversely proportional to
A0i0. For the electrodes harvested from the same battery, A0 is unaltered with the
electrode potential, so i0 should show the parabolic-like plot, but with the inverse trend.
The parabolic-like trend of τ as a function of the electrode potential (Figure 4.10) is
attributed to the significant changes of the crystal structure on the electrode potential
regions below 3.7 V vs. Li/Li+. and above 4.2 V vs. Li/Li+. Therefore the similar
parabolic-like behavior observed in Rct, is possibly also related to the drastic crystal
structure changes, which might alter the equilibrium oxidation/reduction rate i.e., the
exchange current density [151].
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Fig. 4.12: Charge transfer resistance Rct as a function of the electrode potential. The
error bars indicate the fitting errors.
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Between the different NCA electrodes, the value of Rct follows the order: BoL < C25-
2000 < C45-500 < C45-1100. This order is maintained for almost the entire electrode
potential range. It must be noticed that C45-1100 deviates from the parabolic-like
trend for potentials above 4.0 V vs. Li/Li+. It possibly relates to the unexpected
self-discharge behavior after the electrodes are brought to the high potential region.
Nevertheless, the overall "ranking" of Rct within the four electrodes shows the inverse
order compared to the capacity values extracted from the electrode capacity test
(Figure 4.1).

The decrease of the active surface area A0 leads to an increase of Rct and a drop of
the electrode capacity. The interface properties of the electrode material also play an
important role here by directly influencing i0. C45-500 and C45-1100 show significant
higher Rct than C25-2000 on the entire electrode potential range. Besides, C45-500 and
C25-2000 show a similar electrode capacity in Figure 4.1. This behavior is attributed
to the enhanced formation of the inactive NiO-like surface layer at the elevated cycling
temperature [55, 59, 159]. This inactive layer reduces the electrochemical kinetics and
also decreases the electrode active surface area [159].

Overall Rct seems to be the most reliable parameter for the SoH evaluation. It presents
distinctive differences between the four electrodes with different aging levels. In the
low electrode potential region (< 3.7 V vs. Li/Li+) and the high electrode potential
region (> 4.2 V vs. Li/Li+), Rct rapidly increases due to the crystal structure changes.
Therefore, we suggest to characterize Rct in the potential range 3.7 V to 4.2 V vs.
Li/Li+ for the SoH estimation.

4.4 Conclusion

We have comprehensively studied the EIS response of the LiNi0.80Co0.15Al0.05O2 elec-
trode material as a function of state-of-charge and aging. A Voigt type EEC model
is constructed to model the EIS data. The parameters associated to the GFW, CPE
and Rct elements are mainly discussed. Rct is the most reliable parameter for the SoH
estimation of the NCA electrode. It is almost independent from the SoC levels in the
potential range 3.7 V to 4.2 V vs. Li/Li+. However, in the low electrode potential
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region (< 3.7 V vs. Li/Li+) and the high electrode potential region (> 4.2 V vs.
Li/Li+), Rct rapidly increases due to the crystal structure changes of the material. The
drastic changes of the characteristic diffusion time constant τ in the similar potential
region are also attributed to the crystal structure variations. τ is inadequate for the
SoH estimation due to the complex diffusion scenario. The CPE related parameter Q

possibly works as an indicator for the SoH estimation and it is also nearly constant
in the entire electrode potential range. However, in other systems, especially the
thick-coated electrode system, Q might no longer accurately indicate the SoH level.

For the SoH estimation of NCA based batteries using EIS, we suggest to obtain EIS
data at middle SoC levels of batteries or within the potential range of the NCA elec-
trode from 3.7 V to 4.2 V vs. Li/Li+. And we suggest to focus on the charge transfer
resistance Rct as the SoH indicator of the battery.

In this work, reliable electrochemical impedance results are obtained by following
the symmetric cell approach and applying the ORP-EIS technique. The symmetric
cell approach completely eliminates the distortions from the counter electrode or
reference electrode. The ORP-EIS provides information of the linearity, stationarity
and noise level of the measured impedance and significantly reduces the measuring time.





Chapter 5

Insights into cycling aging induced
by surface inhomogeneity

In this chapter, a comprehensive post-mortem study is conducted in the
power-optimized NCA cathode material harvested from large-format
commercial pouch cells with different aging conditions. Uneven degra-
dation phenomena are observed on the harvested NCA electrode during
the post-mortem analysis. A schematic model, which is associated with
the surface inhomogeneity, is proposed to interpret the formation of
uneven degradation phenomena. This chapter provides experimental ev-
idence and an in-depth discussion concerning the cycling aging induced
from the surface heterogeneity of the electrode material. Addition-
ally, we also emphasize the necessity of carrying out a reliable aging
study on thin-coating battery electrodes.

This chapter is based on the submitted article:

Zhu, X.; Revilla, R., I.; Jaguemont, J.; Omar, N.; Hubin, A. Insights into Cycling Aging of

LiNi0.80Co0.15Al0.05O2 Cathode Induced by Surface Inhomogeneity. Journal of the Electrochemi-

cal Society.
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5.1 Introduction

This chapter aims to provide a comprehensive aging study using post-mortem analysis
approach [14, 84]. LIB is a complex chemical system consisted of anode, cathode,
electrolyte and separators. Apart from that, electrodes are also composed of multiple
components such as active particles, conductive agents, binders and current collectors.
All these parts contribute to the degradation of batteries’ performance during the
cycling aging leading to a extremely chaotic aging scenario. Post-mortem analysis
allowing to investigated each component individually, is extensively used in the aging
studies [70, 85, 86, 88, 89, 150, 159, 172, 178, 179]. NCA cathode materials were
harvested from the same pouch cells that were previously cycling aged at different
aging conditions such as temperature, current rate and number of cycles. Cells at
intermediate aging conditions were particularly investigated so that the evolution of
the aging phenomena can be monitored. Electrochemical and surface characterizations
were performed on the harvested electrodes. The previously developed characterization
methods, reliable ORP-EIS (chapter 4) and KPFM surface characterization (chapter 3),
play a key role in this post-mortem analysis providing reliable and interesting results.

The electrode heterogeneity has been revealed as a critical factor influencing the
performance of lithium-ion batteries [78, 180–183]. The surface inhomogeneity (in-
plane) [63, 63, 72–77] and the inhomogeneity distributed from the electrode surface
perpendicularly towards the current collector (through-plane) [79–81, 83] are both
presented in LIB systems. This study deliberately takes this issue into account using
power-optimized electrode materials with thin-coating electrode design in order to
minimize the through-plane inhomogeneity. As a consequence, the intrinsic surface
inhomogeneity induced aging mechanism is revealed.

5.2 Experimental

5.2.1 Sample preparation

The same power-optimized pouch cells with thin electrode coating design are used
(Table 2.1). The Battery Tester (PEC-SBT 0550) was used to conduct the cycling aging
at varied conditions specified in Table 5.1. The five cells were concisely addressed based
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on their aging conditions, and summarized in Table 5.1 as well. Particularly, electrode
materials harvested from the non-cycled cell were addressed as BoL (begin-of-life),
and had been already preconditioned by the manufacturer. The pouch cells were
disassembled using the same experimental procedures specified in section 2.4

Table 5.1: Aging conditions of the five pouch cells

Abbreviation Temperature C-rate Cycles ∆DoD
Charge/Discharge (SoC)

BoL - - - -
C25-2000 25°C 1C/1C 2000 5%-95%
C45-1100-0.5C 45°C 0.5C/2C 1100 5%-95%
C45-1100 45°C 1C/1C 1100 5%-95%
C45-1900 45°C 1C/1C 1900 5%-95%

5.2.2 Electrode characterization

The digital photos were taken by a normal reflex camera through the glove box window
where the electrode sheets were stored. The contrast level of the photos was adjusted in
GIMP software. The SEM images were obtained using a JSM-IT300 (JEOL) electron
microscope at 15 kV accelerating voltage.

The electrochemical experiments were performed with commercial test cells (EL-
CELL,ECC-ref) with a compact sandwich cell design. The galvanostatic capacity
tests were done in the three-electrodes cell configuration with 8 mm diameter NCA
electrode as working electrode (WE), lithium metal as counter electrode (CE) and
reference electrode (RE). A piece of 1.55 mm thickness glassy-fiber separator and 0.5
mL commercial LP30 electrolyte (1 M LiPF6 in ethylene carbonate and dimethyl
carbonate with 1:1 ratio by volume, Ube industries) were used in each cell. The
assembled cells were galvanostatically charged/discharged at room temperature with
0.2C using a VMP3 potentiostat (Bio-Logic). Five cycles were performed for each cell,
and in the last discharge cycle the cells (or NCA electrodes) were discharged to 50%
state-of-charge (SoC) relative to the capacity value of the previous discharge pulse.
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After the charge/discharge cycles, the cells were relaxed for two hours at open-circuit
condition, after which the electrochemical impedance spectroscopy (EIS) tests were
conducted. More specifically, EIS measurements were performed in an in-house de-
veloped EIS setup, odd random phase EIS (ORP-EIS) [90]. The setup consists of
a Wenking Potentiostat POS 2 (Bank Elektronik), a PCI-4461 DAQ-card (National
Instruments), a MATLAB-based software with a fitting toolbox. A frequency range of 5
mHz - 10 kHz and amplitude of 5 mV RMS were chosen for the experimental conditions.
The equivalent electrical circuit (EEC) modeling was done by the fitting toolbox that
uses a Gauss-Newton algorithm followed by a Levenberg Marquardt minimization
scheme [184].

Kelvin Probe Force Microscope (KPFM) experiments were performed using a commer-
cially available Atomic Force Microscope (XE7, Park Systems), which was installed
inside the glove box and connected with a lock-in amplifier (SR-830, Stanford Research
Systems). The KPFM was operated in non-contact mode with frequency modulation.
An AC voltage, 17kHz and 2 V amplitude, was extracted from the lock-in amplifier and
fed to the KPFM controller. A DC voltage, used to compensate electrical static forces
induced from the contact potential difference, was applied on the tip. A topography
image and a potential image were obtained simultaneously owing to the single-pass
scanning approach. Conductive Cr/Au-coated Si tips (NSC36-Cr/Au, MikroMasch)
were used in the tests.

5.3 Results and discussion

5.3.1 Post-mortem analysis

Figure 5.1(a) shows four complete NCA electrode sheets harvested from four cycling
aged pouch cells. The electrode sheets cycled at 1C rate and 45 °C (C45-1100 and
C45-1900 ) display some shiny areas with distinctive optical reflectance compared to
the rest of the sheets. The number of cycles has an impact on the appearance of the
sheets: C45-1900 exhibits less shiny areas than C45-1100. On the other hand, the
sheets cycled at 25 °C with 1C rate (C25-2000 ) and 45 °C with 0.5C (C45-1100-0.5C )
exhibit no observable macroscopic inhomogeneity. It is important to mention that the



5.3 Results and discussion 73

results are consistent with all the electrode sheets harvested from the same pouch cell.
Additionally, as shown in Figure 5.1(b), three sheets harvested from C45-1100 show
randomly distributed shiny patterns. This means that the origin of the shiny and dark
regions are neither associated to external mechanical influences nor to the macroscopic
uneven current distribution from the current collector tab towards the unconnected
end [79, 185]. Otherwise, the sheets should present a consistent pattern similar to the
results reported previously [85] by other researchers.

We examined the electrodes harvested from different cells and regions (dark or shiny)
by SEM (Figure 5.2). Figure 5.2(a) shows the cross section of a BoL electrode with
a coating of active material of less than 20 µm. Such a thin-coating design is the
key to conduct a consistent aging study of electrode materials without deriving spu-
rious correlations from inhomogeneous reactions through-plane. Figure 5.2(b) shows
the morphology of a fresh NCA electrode. Spherical-like NCA secondary particles
are composed of smaller size primary particles. Figure 5.2(c) exhibits very similar
morphologies as the fresh electrode even though it has been aged for more than 1000
cycles. Figure 5.2(d) also presents similar morphologies, with some barely noticeable
cracks formed on some of the particles. Figure 5.2(e) and (f) display the morphologies
of the shiny area and the dark area of C45-1100 electrode, respectively. It is clear
that observable micro-cracks (marked by the dash lines) are present on the secondary
particles shown in the dark region (Figure 5.2(f)). On the contrary, only few particles
with cracks can be found in the shiny region (Figure 5.2(e)), which are possibly formed
during manufacturing or post-mortem preparation since the same cracked particles
can also be found individually on the BoL electrode. Similar observations are also
obtained on the C45-1900 shown in Figure 5.2(g) and (h): the dark area shows lots of
NCA particles with micro-cracks while the shiny areas have much less cracked particles.
The micro-cracks, which lead to deterioration battery performance, are mostly found
on the electrodes cycled at 45°C since the elevated cycling temperature is in favor of
the formation of micro-cracks on NCA particles [70]. Additionally, there is much less
cracks formation on C45-1100-0.5C, which possibly correlates to the lower charging
current.
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Fig. 5.1: Photographs of harvested NCA electrode sheets. (a) electrode sheets from
four different aged cells; (b) electrode sheets from C45-1100. The physical size of the
sheets is 19 cm × 15 cm.



5.3 Results and discussion 75

Fig. 5.2: SEM images of the harvested NCA electrodes. (a) BoL (cross section); (b)
BoL; (c) C25-2000; (d) C45-1100-0.5C; (e) C45-1100-shiny; (f) C45-1100-dark; (g)
C45-1900-shiny; (h) C45-1900-dark. Representative particles are marked with dotted
lines.
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Moreover, the electrodes harvested from the shiny and dark regions of C45-1100 were
characterized by AFM-based Kelvin Probe Force Microscope (KPFM). Figure 5.3
shows the topographies and the surface potential maps of a shiny region (Figure 5.3(a)
and (b)) and a dark region (Figure 5.3(c) and (d)) that were harvested directly from the
same electrode sheet without further cycling. The particles in the shiny region present
higher surface potential than the particles in the dark region. According to the discus-
sion in chapter 3, where we revealed a direct correlation between the measured surface
potential and the SoC on the same batch of NCA electrodes, the particles from the
shiny region are thus at a higher SoC level than the particles from the dark region. The
co-existence of the shiny and dark areas indicates an unevenly distributed SoC on the
same electrode sheet despite that the sheet was already discharged to the cut-off voltage.

Fig. 5.3: KPFM measurements of NCA electrodes harvested from C45-1100. (a)
topography of the shiny region; (b) surface potential map of the shiny region; (c)
topography of the dark region; (d) surface potential map of the dark region.

The harvested NCA electrodes were further characterized electrochemically. The
charge/discharge curves (0.2C) of the NCA/Li half cell are displayed in Figure 5.4(a).
The capacity is normalized by the geometrical area (i.e., 2.545 cm2) of the electrode.
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NCA electrodes harvested from different aged cells or different areas display distinctive
capacity values. The cell polarization, which is substantially affected with the cell
impedance, increases with the decrease of the capacity values during both lithium
intercalation and deintercalation processes.

Figure 5.4(b) shows the electrode capacities relative to the value of BoL electrode.
C25-2000 maintains 96.9% capacity retention even after 2000 cycles. At the elevated
cycling temperature, C45-1100-0.5C shows 70.5% capacity retention after 1100 cycles.
It is worth to mention that C45-1100-0.5C was charged with 0.5C and discharged with
2C rate. 2C discharge rate was not an extreme condition for the power-optimized NCA
electrode material. It might contribute to the electrode degradation but in a minor way.
In Figure 5.1, different regions of C45-1100 and C45-1900 are shown. Therefore, the
NCA electrodes were harvested separately from the shiny areas and the dark areas and
characterized individually. As shown in Figure 5.4, the shiny areas present full capacity
retention, on the contrary, the dark areas show much lower capacity retention. The
significant difference indicates that the dark and shiny area aged differently, although
they were harvested from the same electrode sheet. The capacity results are in good
agreement with the SEM images: the electrodes obtained from the dark areas present
cracked NCA particles indicating a severe degradation [70]; in contrast, the shiny
areas, showing full capacity retention, display a BoL-like surface morphology without
micro-cracks. Additionally, the capacities of C45-1100-shiny and C45-1900-shiny are
slightly higher than BoL, which can be attributed to newly-formed active surfaces
resulting from the volume expansion or contraction of secondary particles during charge
or discharge [68, 69].

EIS characterization was conducted on the same cells and harvested electrodes after the
C/5 rate capacity tests. Figure 5.5(a) shows the Nyquist plot of the EIS data consisting
of two semicircles and a diffusion tail. The same electrical equivalent circuit (EEC)
model (Figure 4.7), displayed in Figure 5.5(b), is applied to model the EIS data for
quantitative interpretation. Rs is the ohmic resistance. The parallel connected Rp and
Cp represent, respectively, the resistance and capacitance of the electrode-electrolyte
interface layer. They correspond to the small arc as shown in the Nyquist plots. The
parallel Rct and the constant phase element (CPE) are related to the charge-transfer
process, which is seen as the dominating arc in the Nyquist plots. The generalized
finite-space Warburg (GFW) describes the diffusion behavior. More related impedance
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Fig. 5.4: Galvanostatic capacity test of the harvested NCA electrodes from different
aged cells and dark or shiny regions. (a) charge and discharge curve (0.2C and room
temperature); (b) capacity retention.

discussions can be found in chapter 4, studying the same batch of NCA electrodes.
Here, we only focus on the charge transfer resistance Rct, which is the most relevant
parameter according to Equation 4.4.

Figure 5.5(b) shows the best-fit Rct values and their standard deviation of the har-
vested NCA electrodes as calculated using the EEC shown in Figure 5.5(a). BoL
presents the lowest Rct value. For the aged electrodes, there is a general trend that
Rct increases as the measured electrode capacity (Figure 5.4) decreases. This is due to
the fact that the electrode capacity is proportional to the active surface area A0, while
Rct is inversely proportional to A0 (Equation 4.4). In addition, C45-1100-dark and
C45-1900-dark show an approximately ten times higher Rct than C45-1100-shiny and
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C45-1900-shiny, while their capacity difference is only a factor of two. In this case, the
exchange current density i0, which corresponds to the interface kinetics, must have a
dominant effect on Rct. The decrease of the interfacial kinetics (i.e., i0), resulting in Rct

raising, can be attributed to the formation of NiO-like (rock-salt) surface structures
on NCA particles [52, 64]. Besides, more electrode-electrolyte interfaces are generated
on C45-1100-dark and C45-1900-dark due to the micro-cracks formation as shown in
Figure 5.2(f). The newly-formed interfaces thus lead to the growth of the NiO-like
structure on the NCA primary particles, which contributes to the significant rise of
Rct [70]. This argumentation is also supported by comparing Rct of C45-1100-dark
and C45-1100–0.5C. There is nearly a three times difference in Rct, but their capacity
retention is very close, i.e., 67.4% and 70.5%, respectively. Additionally, as shown in
Figure 5.2, C45-1100-dark shows much more micro-cracks than C45-1100–0.5C.

The results of the post-mortem analysis show consistent aging behavior. The uneven
degraded regions are observed on the cells aged at 45 °C. For any other electrode sheets
harvested from C45-1100 or C45-1900, the electrode materials of the dark regions are
much more degraded than the shiny regions, showing micro-cracked NCA particles, low
capacity retention and greatly increased charge transfer resistance. This typical aging
behavior can be ascribed to the elevated cycling temperature [52, 55, 56, 64, 70]. More
interestingly, by comparing the electrode sheets harvested from C45-1100 and C45-1900,
it was found that the dark regions propagate as the cycle number increases. The uneven
degradation behavior and the material deterioration can be suppressed when the cell is
charged at a lower C-rate. When the cycling temperature is kept at 25 °C, the NCA
electrode material shows an excellent cycling stability without any sign of uneven aging.

The presence of different SoCs, revealed from the KPFM measurements (Figure 5.3), is
caused by the deviation of the capacities between dark and shiny regions. As indicated
in Figure 5.4, C45-1100-dark only retains about 66% capacity of C45-1100-shiny.
As a consequence, during the discharge pulse, C45-1100-dark reaches 0% SoC earlier
than C45-1100-shiny. The cell reaches the cut-off potential before discharging C45-
1100-shiny completely due to the fact that the cut-off potential depends on an average
value of the whole electrode material rather than the local electrochemical potential.
In the charge pulse, the electrode material of C45-1100-shiny with higher capacity is
only partially charged. Restricting the ∆DoD can significantly improve the cycling
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Fig. 5.5: Electrochemical impedance spectroscopy of the harvested NCA electrodes
from different aged cells and dark or shiny regions. (a) Nyquist plot of EIS results and
the proposed electrical equivalent circuit; (b) the fitted charge transfer resistance Rct;
the error bars indicate the fitting errors.

performance [70, 159]. On the contrary, the electrode material from C45-1100-dark
with a lower capacity goes through overcharge, which is detrimental for the material
degradation [57, 58].
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5.3.2 Degradation of the NCA electrode induced from surface
inhomogeneity

According to the post-mortem analysis results, we believe that the key of the aging
puzzle is to understand the origin of the uneven degradation. A schematic model,
illustrated in Figure 5.6, is proposed to explain the mechanism behind.
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Fig. 5.6: Schematic illustration of the formation and propagation of unevenly degraded
regions on thin-coating NCA electrode during charging pulse.

On a microscopic scale, the composite electrode exhibits the intrinsic heterogeneous
surface reactivities due to variations in local structure and composition [95, 180]. Sur-
face active sites with higher reactivity can reach higher delithiation level (i.e., SoC)
than the other parts of the electrode during the charging pulse. In the discharging
pulse, the active sites cannot be fully discharged or lithiated while the macroscopic
potential reaches the cut-off limit. The active sites are further delithiated in the
following charging pulse. The offset of the local delithiation level accumulates as the
cycling continues. At a certain cycle (i.e., the critical cycle), the active sites reach
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an over-delithiated state during the charge pulse. The local microstructure of the
electrode material goes through irreversible overcharge reactions, resulting in capacity
loss, micro-crack generation, and NiO-like surface layer formation [57, 58]. In the
following cycles, because of the capacity loss at the active sites, the local cycling C-rate
on the active sites and the neighboring particles increases, as compared to the average
current density. The degradation of the neighboring particles is advanced and the
degraded region gradually propagates. Meanwhile, the active sites go through an even
deeper overcharge reaction. The SoC (or capacity) offset between the aged region and
the non-aged region decelerates the degradation of the non-aged region because the
local ∆DoD is restricted. It is also worth noting that the aging model can be correlated
to the non-linear capacity decay of the electrodes or the full cells, extensively observed
in literature [85–89]. Before the critical cycle, when the active sites still maintain their
full capacity, the overall capacity decay is negligible. However, after the critical cycle,
the active sites start losing their capacity and the aging regions propagate during
further cycling aging. Accordingly, the overall capacity starts decreasing, and the decay
is intensified with the increase of cycle numbers, owing to the propagating phenomena,
which display an exponential behavior. In addition, lowering the charging current
can facilitate homogeneous current distribution, that can further restrain the uneven
degradation of electrodes [78]. This is in agreement with the experimental results
obtained in C45-1100–0.5C.

The visual observation of uneven aged electrodes was rarely reported. Previously, Klett
et al. [85] reported a post-mortem study on the nonuniform aged graphite electrodes
harvested from graphite/LiFePO4 cylindrical cells. Their harvested electrodes pre-
sented a consistent uneven aging pattern owing to the cylindrical cell design. It is
important to point out that their cylindrical cells were also power-optimized, and then
presumably consisted of thin-coating electrodes [155]. We argue that the thin-coating
electrodes are the criteria of the direct observation of the uneven aging phenomena from
post-mortem analysis. On a thick-coated electrode, the degraded region propagates
three-dimensionally, which is less observable than on a thin-coating electrode with
only two-dimensional propagation. Another possible reason can be related to the
non-uniform aging from the surface to the bulk material (through-plane) [78, 80, 82].
The electrode surface can be aged in a more extreme conditions than the original plan,
in which the surface uneven aging is not observable.
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Last question to be addressed is how the elevated temperature facilitates the uneven
aging phenomena, only found in the cells cycled at 45 °C. It has been extensively
reported [55, 56, 70] that cycling temperature is a key operating parameter associating
to the degradation of NCA electrodes. Yet the mechanism behind is still unclear. For
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the further investigation, KPFM characterizations were conducted on two BoL NCA
electrodes that were charged to 4.3 V vs. Li/Li+ at different temperature (i.e., room
temperature and 60°C). In the surface potential maps, Figure 5.7(b) and (d)), NCA
second particles can be observed easily. The potential maps correspond well to their
topographies shown in Figure 5.7(a) and (c). The SoC inhomogeneity of the NCA
particles is clearly observed on the potential maps. This has been in-depth discussed
in chapter 3. It is important to point out that the particles shown in Figure 5.7(d)
present higher surface potential compared to that of the particles in Figure 5.7(b).
Despite the identical cut-off charging potential, the different temperature can lead to
a significant deviation of the surface potential, which can be linearly correlated to
the SoC or delithiation state [186]. In addition, the charging curves of these two BoL
electrodes are demonstrated in Figure 5.7(e). The NCA electrode charged at room
temperature clearly shows a higher polarization than the electrode charged at 60 °C.

This temperature impact can be correlated with the kinetics of the electrode reaction
during the temperature variation: according to the Arrhenius equation, the rate con-
stant of a chemical reaction, i.e., k, increases rapidly with elevating the temperature.
The increased k further results in a lower Rct (Equation 4.4) and a lower polarization
in Figure 5.7(e). Due to the lower polarization at 60°C, the NCA electrode reaches a
higher delithiation level than the NCA electrode charged at room temperature when
a same cut-off potential value is used. Apart from the kinetics, thermodynamics
could also take part in the observed behavior. Electrode potential (or cell voltage)
is temperature dependent according to the Nernst equation: the potential decreases
when the temperature rises [116, 129]. Therefore, with a higher cycling temperature
the electrode is beyond its original delithiation level while keeping the same cut-off
charging potential [176, 183].

By combining this with the proposed aging model (Figure 5.6), elevating the cycling
temperature and keeping the cut-off potential facilitate the active sites reaching the
over-delithiation state with less cycles, and further advances the uneven aging behavior.
Watanabe et al. [70, 159] reported that restricting the operating ∆DoD from 0% -
100% to 10% - 70% could significantly improve the cycling stability of the NCA cell
at 60 °C. Their findings align with our discussion since application of a lower cut-off
potential to restrict the ∆DoD can result in the suppression of the local overcharge
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reaction. Accordingly, we strongly recommend to integrate the operating protocol that
automatically lowers the cut-off charging potential when the cycling temperature rises.

5.4 Conclusions

Through this systematic post-mortem analysis on a batch of power-optimized commer-
cial NCA electrodes with different aging conditions, we have gained new insights into
the aging mechanism associated with surface inhomogeneity of NCA electrodes.

Uneven degradation phenomena are directly observed on the NCA electrodes aged at
an elevated temperature. The post-mortem analysis revealed that the non-aged regions
are randomly distributed over the harvested electrode sheets. The NCA material in the
deteriorated region displayed micro-cracked NCA particles, low capacity and greatly
increased charge transfer resistance. Lowering the charging rate can effectively suppress
the uneven aging behavior. We also noticed that the degraded regions propagate along
with the incremental of cycle number.

Accordingly, an aging model is proposed to describe the formation of the uneven
degraded areas on the same electrode. The root cause is ascribed to the intrinsic
surface heterogeneity of NCA electrodes. In addition, the post-mortem results clearly
demonstrate that cycling temperature plays a crucial role on the cycling performance
of NCA-based LIBs. The mechanism is further interpreted as the facilitation of local
overcharge reactions due to the elevated temperature.

This work stresses the crucial role that electrode heterogeneity plays on the degradation
of NCA electrodes. More researching effort should be devoted to improve the surface
homogeneity, such as surface modification methods or developing better synthesis
routes. Besides, the successful observation of the uneven degradation and the consis-
tent aging behavior was possible thanks to the thin-coating electrode design, which
minimizes the porous inhomogeneity (through-plane). Hence, we strongly suggest to
take this factor into account in future aging studies of electrode materials.





Chapter 6

Improving cycling stability of
cathode materials using redox
shuttle additives

A simple but effective approach is proposed to improve the cycling sta-
bility of cathode materials in lithium-ion battery systems. With a small
amount (0.025 M) of the redox shuttle electrolyte additive 1,4-di-tert-
Butyl-2,5-bis(2,2,2-trifluoroethoxy)benzene, the cycling performance
of the commercial Nickel-rich cathode materials is improved about 30%
- 40% in practical utilizing conditions. The mechanism is associated
with the prevention of microscopic overcharging reactions induced
by the intrinsic surface inhomogeneity. There is a great potential of
exploiting this approach in all kinds of commercial lithium-ion battery
systems containing liquid electrolyte. Furthermore, the remarkable
effectiveness of the redox shuttle additive approach further reveals
the crucial role that the surface inhomogeneity plays in the cycling
aging.

This chapter is based on the submitted article:
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6.1 Introduction

Nickel-rich layered cathode materials including two main types, LiNi1−x−yCoxAlyO2

and LiNi1−x−yCoxMnyO2, are the state-of-the-art commercial materials for automotive
batteries. They will play a critical role in the next decade in the current form of
LIB systems or in solid-state LIB systems that are being studied extensively at the
moment. Nickel-rich layered materials, in principle, can provide more than 250 mAh/g
capacity when charged to 4.6 V vs. Li/Li+ [51]. Unfortunately, reaching this delithi-
ated state (i.e., overcharged) leads to an unstable microstructure and loss of reversible
capacity [25, 57, 58, 187, 188]. Besides, the highly delithiated state is also associated
with a serious safety concern, i.e., Oxygen release and thermal runaway [57, 189–191].
Therefore, the cut-off potential is often limited to lower values ( 64.3 V vs. Li/Li+) in
practical utilizations. Nevertheless, it has been extensively reported that the instability
of the microstructure is still considered as a major aging mechanism, even though
proper cut-off potentials were used [54–56, 70, 179, 192, 193].

In the previous chapter (chapter 5), a comprehensive aging study was carried out on
the commercial LiNi0.80Co0.15Al0.05O2 cathode material revealing that the intrinsic
surface inhomogeneity at the microscopic scale played a major role in the electrode
degradation during the cycling aging, particularly with unfavorable cycling conditions
such as the high charging current or the elevated temperature. An in-depth discussion
of the mechanism was also provided. The surface inhomogeneity first leads to an
unevenly distributed state-of-charge (SoC) in the initial cycles. The offset of the SoC
levels increases as the cycling continues. At a certain cycle, the active particles or areas
with high SoC reach an over-delithiated (or overcharged) state during the charging
pulse, resulting in a loss of reversible capacity. In the following cycling, these locally
overcharged particles or areas with reduced reversible capacities can cause the increase
of the local current density or temperature and further advance the degradation of
the neighboring regions. This domino effect was observed in the post-mortem results
showing propagations of the overcharged regions as the cycle number increased. In
this work, a robust approach is proposed to inhibit the local overcharge reaction and
balance the microscopic SoC inhomogeneity using redox shuttle electrolyte additives
(RSA). The redox molecule can be reversibly oxidized and reduced on the surface
of the electrode at characteristic potentials shuttling charges (or electrons) between
overcharged regions with a high electrochemical potential and normal charged regions
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with a low electrochemical potential. The working principle is illustrated in Figure 6.1.
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Fig. 6.1: Schematic illustration of the local overcharge protection by redox shuttles
electrolyte additives during a charging pulse.

The redox molecule strategy was originally introduced for overcharging protection
of LIBs on the cell level. In practical applications, battery packs consist of multiple
LIB cells connected in series. During the utilization, the voltage of the battery pack
is monitored to estimate SoC of the pack instead of monitoring the individual LIB
cells, which is difficult to achieve. However, there are always cells within a battery
pack exhibiting different capacities and SoCs due to the limitation of manufacturing
accuracies. Although the deviation is usually slight at the begin-of-life, the imbalance
among the cells accumulates along with the extended cycles. Overcharge is the major
detrimental consequence [194]. A series of studies has been carried out focusing on
the use of redox molecule for overcharging protection of the cells [195–208]. Certain
types of redox molecules, usually organic molecules, are added to the electrolyte as
an additive. The molecules can be reversibly oxidized and reduced on the surface of
cathodes and anodes respectively shunting the excessive charges and energy.

To the best of our knowledge, it is the first time that a RSA is used for the local
overcharge protection at the microscopic level. Due to the similar working principle as
the overcharge protection at the cell level, the previously proposed and studied RSA
candidates in literature can be potentially applied in the local overcharge protection.
In this work, 1,4-di-tert-Butyl-2,5-bis(2,2,2-trifluoroethoxy)benzene (DTB-BTF) is
chosen due to its proper redox potential (around 4.3 V vs. Li/Li+) for Nickel-rich
cathode materials, excellent reversibility and stability [200]. However, the solubility in
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commercial LP30 electrolyte (1 M LiPF6 in ethylene carbonate and dimethyl carbonate
with 1:1 ratio by volume) is low, between 0.025 M and 0.05 M at room temperature.
The low solubility of DTB-BTF and many other RSA candidates is the major issue for
practical applications on the cell level protection, where a certain amount of molecule
shuttles are needed to cover all the active surface area of the electrode [209]. On the
contrary, the amount of molecule shuttles that is needed is less in the scenario of
this work, where only local overcharge reaction happens on part of the total active
surface area. Therefore, in practice it is more feasible to apply RSA approach for local
overcharge protection than for cell level overcharge protection.

6.2 Experimental

LiNi0.80Co0.15Al0.05O2 and LiNi0.4Mn0.4Co0.2O2 cathode material were harvested from
power-optimized pouch cells (5 Ah) and energy optimized pouch cells (20 Ah), re-
spectively. These cells were commercial products provided by the same manufacturer.
Electrode materials were harvested according to the well established procedure [84]: the
cell was opened in its discharged condition inside an argon-filled glove box (Jacomex
GP); electrode sheets were collected and rinsed with dimethyl carbonate; one side
of the active material coating was removed from the double-coated electrode sheets
by using N-methyl-2-pyrrolidone; 18 mm diameter round electrodes were cut from
the prepared sheet and rinsed three times with dimethyl carbonate, after which the
electrodes were dried under vacuum overnight.

The redox molecule 1,4-di-tert-Butyl-2,5-bis(2,2,2-trifluoroethoxy)benzene was synthe-
sized through the method reported by Dahn et al. [200]. 2,5-di-tert-butylhydroquinone
(12.92 g, 0.058 mol), potassium carbonate (18.28 g, 0.133 mol), tri-n-butylamine (1.1
g, 0.0058 mol), and 120 ml of acetone solvent were combined in a 500 mL two-neck,
round-bottom flask. The flask was equipped with an addition funnel, cold water
condenser and a dry nitrogen bubbler. The heterogeneous solution was heated to 58
°C using an oil bath under extensive stirring on magnetic stirrer. 2,2,2- trifluoroethyl
perfluorobutylsulfonate (50.1 g, 0.133 mol, Aldrich) was added dropwise over a 2 h
period while heating the reaction mix at 58 °C. After stirring for 24 h, at 58 °C, 320
mL of water was added at 58 °C and then the stirring was stopped and the heat was
removed. The product, which crystallized in the lower phase at room temperature,
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was filtered from the liquid using vacuum filtration. The crude product was then
recrystallized from methanol/water. The product was then dissolved in 65 mL of
heptane, which was then distilled away from the product to azeotropically remove trace
amounts of water. The resulting compound was purified via silica gel chromatography
(100% hexane; ∼30 cm column) to afford the title compound. 21% yield (4.8 g, 0.012
mol), colorless crystals. Rf (100% hexanes) 0.65. IR (neat) 1731, 1605, 1456, 1339,
1157, 1093, 1070, 939, 919, 766, 664, 590 cm−1. mp 129.5-131.5 °C. 1H NMR (250
MHz, CDCl3) δ 6.77 (s, 2H), 4.37 (q, J = 8.2 Hz, 4H), 1.39 (s, 18H). 13C NMR
(63 MHz, CDCl3) δ 150.3 (s, 2C), 137.2 (s, 2C), 125.8 (q, 2xCF3), 112 (d, 2C), 66.3
(q, 2xCH2), 34.6 (s, 2C), 29.7 (q, 6C) HRMS [M+Na]+ calculated 409.1578 found
409.1573. In the last step, the molecule was dried under vacuum at 120 °C overnight
before transferring to glove box.

Cyclic Voltammetry (CV) was performed inside the glove box with LP30-RSA elec-
trolyte. A glassy carbon electrode (ET074, eDAQ) was used as WE, and lithium metal
was used as CE and RE. The scan rate was 50 mV/s. CV tests were carried out by a
PGSTAT302N potentiostat (Autolab). The harvested 18 mm electrodes were tested
in two-electrode electrochemical cells (EL-CELL). Each cell consisted of a prepared
cathode as working electrode, lithium metal as counter electrode, a glassy-fiber sepa-
rator (1.5 mm thickness) and 0.5 mL commercial electrolyte (LP30, Ube Industries)
with/without 0.025 M DTB-BTF. The assembled cells were galvanostatically cycled
without constant voltage step on a VMP3 potentiostat (Bio-Logic). The SEM images
were obtained using a JSM-IT300 (JEOL) electron microscope.

6.3 Results and Discussion

DTB-BTF molecule was synthesized in-house, and its electrochemical properties were
checked with a glassy carbon electrode in LP30 electrolyte. As shown in Figure 6.2(a),
this redox molecule presents a pair of reversible redox peaks around 4.32 V and 4.23 V
vs. Li/Li+, which is consistent with literature [200]. The scanning potential window is
further extended to 5.0 V vs. Li/Li+ in order to check the stability of the molecule in
the high potential region. Apart from the redox peaks, the second oxidation reaction
appears around 4.81 V Li/Li+ and reaches the peak current at 5.0 V vs. Li/Li+. The
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main contribution of the second oxidation reaction is assigned to the decomposition
of LP30 electrolyte instead of the redox molecule because of the abrupt current rise
and the extremely high current. A tiny reduction peak around 3.38 V vs. Li/Li+,
appearing together with the second oxidation peak. This can be associated with the
reduction of the oxidized species in the second oxidation reaction. This experiment
confirms that the redox molecule is reversible and stable within the operating potential
window of the batteries.

It is worth noting that the onset redox potential in a battery system might deviate from
the results obtained from the glassy carbon electrode shown in Figure 6.2(a). Therefore,
the redox molecule DTB-BTF was also characterized in NCA/lithium cells to calibrate
the onset redox potential by macroscopic overcharging tests at C/50 constant charging
current. The extremely low charging current was applied since the small amount of the
redox molecule (0.025 M × 0.5 mL) DTB-BTF could sustain only a very low overcharge
current [209]. Additionally, the temperature influence is also investigated. It has been
revealed that at a same SoC level the electrochemical potential shifts to a lower value
as the temperature increases [210]. Figure 6.2(b) shows two macroscopic overcharging
tests at different temperatures. Before the plateaus, the electrodes are under a normal
charge state without activating the redox molecule. While the electrodes are charged
to certain potential, the molecule activates and shunts the excess charging current by
oxidizing at the NCA cathode and reducing back at the lithium anode. The redox
reaction prevents further overcharging the electrodes resulting in a potential plateau in
the overcharged region. The redox reaction can be demonstrate as follows:

OF3C

O
CF3

Oxidation
Reduction

 OF3C

O
CF3



.+

Notably, the temperature clearly shows an influence on the onset redox potential.
In Figure 6.2(b), the potential plateau appears at a lower potential (4.20 V vs. Li/Li+)
at 60 °C than that of at room temperature (4.26 V vs. Li/Li+). A great care should
be taken to optimize the cut-off potential, while the RSA is used to prevent the local
overcharge reactions. The cut-off potential should be lower than the onset redox poten-
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tial in which only locally overcharged regions trigger the oxidation of the redox molecule.
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Fig. 6.2: Electrochemical tests of the redox molecule 1,4-di-tert-Butyl-2,5-bis(2,2,2-
trifluoroethoxy)benzene. (a) cyclic voltammograms of 0.025 M redox molecule added
in LP30 base electrolyte; scan rate 50 mV/s. (b) C/50 constant current overcharge
curve of NCA/lithium cells with 0.025 M redox molecule as electrolyte additive in
LP30 base electrolyte.

The long-term local overcharge protection using DTB-BTF tests were conducted on
laboratory NCA/lithium cells with LP30 base electrolyte. The NCA electrode was
power-optimized with a thin-coating electrode design. The cross-sectional and morpho-
logical SEM images are shown in Figure 6.3. Figure 6.4 shows the discharge capacity
retention as a function of cycle numbers. The discharge capacity retention is obtained
by normalizing the capacity of each cycle with that of the 6th cycles. The first five cycles
are used to stabilize the cell avoiding the error introduced by the initial side reactions,
such as the formation of the passivation layer. The Coulombic efficiency is derived by
the division of the discharging capacity and the charging capacity at each cycle. At
the reference conditions, i.e., room temperature and 1C/1C (charge/discharge), the
RSA cell (with DTB-BTF) shows 80% retention after 400 cycles. On the other hand,
the non-RSA cell (without DTB-BTF) has reached 60% after 400 cycles as shown in
Figure 6.4(a). The fluctuation of the capacity retention is associated with the variations
of the room temperature. Overall, the cycling performance of a NCA/lithium cell
is improved around 40% (80% state-of-health as the end-of-life criteria) due to the
protection provided by DTB-BTF molecule. Besides, the RSA shows an insignificant
influence on the charged/discharge Coulombic efficiency, in which only 1% - 2% drop
is observed. The lower Coulombic efficiency can be related the self-discharge effect,



94 Improving cycling stability of cathode materials using redox shuttle additives

which the oxidized RSA molecule reduces back on anodic side, and this part of the
energy turns to heat. In addition to the capacity retention shown in Figure 6.4(a), the
charge/discharge curves at different cycles obtained during the same experiment are
demonstrated in Figure 6.4(b). Comparing with the curves of the initial cycle, the
other charge/discharge curves display a similar behavior. Only the polarization of the
curves increases with the capacity decreasing owing to the growth of impedance. In
Figure 6.4(c), both cells demonstrate a worse cycling performance at a extreme charging
rate (5C), though the electrodes have a power-optimized design. Nevertheless, with the
presence of DTB-BTF, the cycling performance is still improved about 30%, providing
80 more cycles before the end-of-life. The improvement tends to be less compared to
the previous case (Figure 6.4(a)). It can be attributed to the fact that the increased
amount of overcharged particles, induced by the elevated charging current [78, 180, 210],
cannot be completely protected by the limited amount of the redox molecule.

Fig. 6.3: SEM images of the power-optimized NCA electrode: (a) cross sectional image;
(b) morphological image.

Moreover, the two non-RSA cells shown in Figure 6.4(a) and (c), demonstrate an
exponential decay after the capacity value reaching about 80% of the full capacity.
Similar behavior has been also observed in other aging studies [85–87, 89] but without
through discussions. This exponential decay can be correlated to the propagation of the
overcharged regions after a certain amount of aging cycles [210]. In the initial cycles,
there is only the accumulation of the SoC imbalance without overcharging reactions.
The propagation starts when the particles lose their reversible capacities due to the
overcharging reactions. With more aging cycles, the propagating behavior intensifies
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Fig. 6.4: Capacity retention of NCA/lithium cells during cycling aging. (a) 1C
charge/discharge rate at room temperature; 3.00 V - 4.25 V vs. Li/Li+ cut-off potentials.
(b) charge/discharge curves of (a) at different cycles; the capacity is normalized by the
geometrical area (i.e., 2.545 cm2) of the electrode. (c) 5C charge and 1C discharge
rate at room temperature; 3.00 V - 4.30 V vs. Li/Li+ cut-off potentials. (d) 1C
charge/discharge rate at 60 °C; 3.00 V - 4.18 V vs. Li/Li+ cut-off potential. "with
RSA" indicates the electrolyte containing 0.025 M redox molecule DTB-BTF.

resulting in a exponential capacity decay. On the other hand, a linear-like capacity
decay is observed in the two RSA cells indicating that the propagating behavior is suc-
cessfully suppressed by the redox reaction, and the overall active particles on the same
electrode are degraded in an homogeneous manner. Besides, the safety hazards associ-
ated with the oxygen release and thermal runaway can be significantly reduced due to
the homogeneous aging behavior, which devastates the electrode materials in a mild way.

It is important to mention that the cycling temperature is a critical parameter that
influences the Nickel-rich cathode materials [56, 70, 210]. Figure 6.4 (d) shows the
cycling stability test at 60 °C. Although the RSA cell display slightly better capacity
retention than the non-RSA cell, the capacity retention curves are obviously different
compared to the results obtained at room temperature (Figure 6.4(a) and (c)). The
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abnormal behavior can be ascribed to the influence of electrolyte evaporation at the
high temperature. This assumption is confirmed by the post-mortem analysis showing
that the cell was dried-out and the condensed electrolyte was found outside the internal
compartment. Coin-cell test is planned in the future work in order to obtain a reliable
cycling test at 60 °C.

LiNi1−x−yCoxMnyO2 (NMC) is another type of state-of-the-art nickel-rich cathode
material having the similar microstructure as NCA cathode material. Energy-optimized
LiNi0.4Mn0.4Co0.2O2 (NMC442) electrodes with a thick-coating design are used to test
the redox molecule DTB-BTF in a NMC system. The cross-sectional and morphological
SEM images of the electrode are shown in Figure 6.5. Cycling stability tests were
conducted with 1C rate at room temperature (the first five formation cycles were done
at C/5). Figure 6.6(a) demonstrates the capacity retention obtained by normalizing
the capacity of each cycle with that of the 6th cycles. One cell is filled with only base
LP30 electrolyte and another one is filled with LP30 + 0.025 M DTB-BTF. About
40% improvement of the cycling performance is achieved with the RSA contained
cell. The improvement is comparable with the NCA electrode system. However, an
exponential decay is observed on both cells instead of the linear-like decay displayed in
the RSA contained NCA/lithium cells (Figure 6.4(a) and (c)). The deviation between
the NCA and the NMC442 system can be attributed to their different coating thickness
or loading rates: in the thick-coated NMC442 electrode on which more active particles
are loaded comparing to the thin-coating NCA electrode, the limited amount (0.025 M
× 0.5 mL) of the DTB-BTF molecule can only protect partially the excessive amount
of the active particles. Therefore, a larger amount of the redox molecule is preferred
in the energy-optimized LIB systems. In addition, the correlated charge/discharge
curves at different cycles are shown in Figure 6.6(b). The polarization increases with
the cycling numbers, which is similar to Figure 6.4(b).
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Fig. 6.5: SEM images of the energy-optimized NMC442 electrode: (a) cross sectional
image; (b) morphological image.
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Fig. 6.6: (a) capacity retention of NMC442/lithium cells during cycling aging. (b)
charge/discharge curves at different cycles; the capacity is normalized by the geometrical
area (i.e., 2.545 cm2) of the electrode. Cycling conditions: 1C charge/discharge rate at
room temperature; 3.00 V - 4.25 V vs. Li/Li+ cut-off potentials. "with RSA" indicates
the electrolyte containing 0.025 M redox molecule DTB-BTF.

6.4 Conclusion

In summary, the proposed approach, using 1,4-di-tert-Butyl-2,5-bis(2,2,2-trifluoroethoxy)benzene
redox molecule as a electrolyte additives for inhibiting the local overcharge reactions,
is validated in this work. The redox reaction shunts the excess charges between
overcharged regions and normal charged regions on the same electrode. As indi-
cated in the experimental results, the cycling performance of the NCA/lithium and
NMC442/lithium cells is improved 30% - 40% after using a small amount of the redox
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molecule electrolyte additive. Besides, the safety hazards associated with the oxygen
release and thermal runaway can be significantly reduced. It is important to mention
that the cycling temperature, having a significant impact on the onset redox potential,
should be carefully monitored, and the cut-off potential can be accordingly adjusted.
Nevertheless, this approach shows a great potential to be exploited in commercial LIB
systems owing to its simplicity and effectiveness. Furthermore, this work emphasizes the
crucial role that the electrode heterogeneity plays on the degradation of the Nickel-rich
cathode material. More research effort should be devoted to improving the intrinsic
homogeneity of electrode materials. This can be done in different aspects such as
surface engineering approaches or developing better material synthesis routes.



Chapter 7

Conclusions and outlook

In this chapter, an overview of the main conclusions of this doctoral
work is presented. New perspectives and insights to the future aging
studies, potential ways of making better lithium-ion batteries and the
uses of the proposed methodologies in other systems are discussed.
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7.1 Conclusions

7.1.1 Novel methodologies for physico-chemical characteriza-
tion of LIB systems

An advanced KPFM-based approach that can straightforwardly address the surface
properties of electrode materials, is presented and developed in chapter 3. This ap-
proach on the basis of the revealed linear correlation between the local surface potential
and the electrochemical potential of NCA electrodes at different SoCs, is applied for
investigating the surface properties in three situations. The surface inhomogeneity of
the electrode is visualized and estimated from the micro-scale down to the nanoscale.
The surface over-delithiation state induced by insufficient Li+ solid-state diffusivity, is
also observed on the electrodes charged at elevated C-rates. Accordingly, it indicates
the presence of an uneven delithiation from the surface towards the bulk of the active
particle. KPFM is proven to be a robust technique for studying lithium-ion battery
systems due to its excellent experimental compatibility, surface sensitivity, high-spatial
resolution (< 100 nm).

EIS is one of the popular techniques for characterizing lithium-ion batteries. However,
there is a wide discrepancy in literature concerning the EIS experimental approach and
results interpretation. In chapter 4, consistent electrochemical impedance results are
obtained by following the symmetric cell approach and applying the ORP-EIS technique
at different SoCs and SoHs. The symmetric cell approach completely eliminates the
distortions from the counter electrode or reference electrode. The ORP-EIS provides
information of the linearity, stationarity and noise level of the measured impedance
and significantly reduces the measuring time. The results show that the charge transfer
resistance Rct is directly correlated to the NCA electrode’s SoH and independent from
the SoC levels in the potential range 3.7 V to 4.2 V vs. Li/Li+. Therefore, Rct can
work as a reliable SoH indicator while the electrodes are kept around middle SoC levels.
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7.1.2 New insights into the aging mechanism induced by elec-
trode inhomogeneity

A new aging mechanism is revealed and discussed in chapter 5 through the post-mortem
analysis. The degradation of NCA electrodes could be associated with intrinsic surface
heterogeneity of the studied NCA electrodes at the microscopic scale. The inhomo-
geneity, originating from the use of composite electrodes with various local structures
and compositions, leads to a unevenly distributed SoC in the initial cycles. The offset
of the SoC levels increases as the cycling continues. At a certain cycle, the active
particles or areas with high SoC reach an over-delithiated state during the charging
pulse resulting in the apparent aging phenomena, such as capacity loss, micro-crack
generation and NiO-like surface layer formation. In the following cycling, these locally
overcharged particles or areas with reduced reversible capacities can cause an increase
of the local current density or temperature and further advance the degradation of the
neighboring regions inducing chain reactions. This aging mechanism is demonstrated
in the schematic Figure 7.1. Besides, the detrimental impact induced by unfavorable
aging conditions (i.e., the high charging current and the elevated cycling temperature)
can also be correlated to this aging mechanism. A high charging current facilitates
the inhomogeneous current distribution, that can further promote the uneven aging
behavior. With an elevated cycling temperature, the electrode reaches a deeper delithi-
ation level while keeping the same cut-off charging potential. As a consequence, the
active sites reach the over-delithiation state with less cycles, and the propagation of
the aging regions is boosted.

The proposed aging mechanism sufficiently describes the aging behavior observed in
the post-mortem analysis and agrees with the modeling work in literature [78]. The
effectiveness of the RSA approach can directly verify the presence of local overcharge
reactions on the nickel-based cathode material during cycling. However, the origin
of the local overcharge reactions and the propagation of the aged region are difficult
to be comprehensively justified in this work. Further experimental investigations are
necessary.
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Fig. 7.1: Schematic illustration of the formation and propagation of unevenly de-
graded regions on thin-coating NCA electrode during charging pulse (reproduced from
Figure 5.6).

7.1.3 New approach to improve the cycling stability

On the basis of the revealed aging mechanism (chapter 5), several counter strategies con-
cerning the surface heterogeneity induced aging mechanism are proposed in chapter 6.
The straightforward ways are lowering the charging current or maintaining a proper
cycling temperature. Next, it can be very effective to suppress the local overcharge
reactions by lowering the overall cut-off potential limit during the charging cycles. In
addition, integrating a operating protocol that automatically lowers the cut-off charging
potential while the cycling temperature rises, can be very effective as well. Although
all these "passive" strategies are functional to improve the cycling performance, they
all more or less sacrifice the power performance or the energy performance. Therefore,
an "active" counter strategy, using RSA to inhibit the local overcharge reaction and
balance the microscopic SoC inhomogeneity, is proposed and experimentally examined.
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The redox molecule is reversibly oxidized and reduced on the surface of the electrode
at characteristic potentials. Excessive charges (or electrons) are shunted between
overcharged regions with a high electrochemical potential and normal charged regions
with a low electrochemical potential. With a small amount of RSA present in the
electrolyte, the cycling performance of the cathode material has been improved about
30% - 40% percent without extra compromises. The related schematic illustration is
shown in Figure 7.2. It is worth pointing out that the remarkable effectiveness of RSA
strategy further validates the accurateness of the suggested aging mechanism.
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Fig. 7.2: Schematic illustration of the working principle of balancing the local SoC
using DTB-DFB redox molecule electrolyte additives [211].

7.1.4 Identification reliable aging parameter from power-optimized
commercial cells

The unveiling of the aging mechanism induced by the surface heterogeneity is credited to
the properly designed experimental approach. State-of-the-art commercial large-format
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NCA/LTO pouch cells were chosen in order to degrade the NCA electrode material at
similar conditions as the practical utilizing scenario. Using the "degradation-resistant"
LTO anodes allows to precisely track the aging behavior of the NCA cathode during the
the cell aging process. The cells are power-optimized with thin-coating electrodes design
in which the through-plane inhomogeneity is subtle and can be neglected. It guarantees
a reliable post-mortem analysis owing to the consistent aging conditions from the
surface down to the bulk. In addition, the observation of the aged regions’ propagating
phenomena is attributed to the investigation of these intermediate-degraded cells that
provides the most valuable information of this aging study.

7.2 Outlook

The two self-developed characterization methodologies, KPFM and ORP-EIS, are
proved to be valuable tool for studying LIB systems. The direct correlation between
the surface potential measured by KPFM and the electrochemical potential is revealed.
Since the physical connection between the two parameters is their Fermi energy, this
correlation should also be validated in other electrochemical systems. For investigating
LIB systems, KPFM can be used to further investigate the origin of the surface het-
erogeneity at the microscopic scale. Comparing to other available techniques, KPFM
provides a higher spatial resolution than Raman spectroscopy and much better ac-
cessibility than synchrotron-based techniques. Applying KPFM to solid-state LIB
systems can be very interesting, since the full solid-state system allows in-situ KPFM
characterizations to be performed. It can advance the fundamental understanding
of the solid-solid interfaces. The ultimate goal of using EIS in LIB systems is to
non-destructively on-line estimate the SoH of LIBs in vehicle applications or stationary
applications. This work provides a good start point to further investigate more complex
LIB systems, for instance, energy-optimized systems with thick-coating electrodes or
LIB systems consisting of conventional anode materials (graphite, silicon-based and
lithium metal), using the advanced ORP-EIS technique.

The unveiled aging mechanism associated with the intrinsic surface heterogeneity
applies to NCA cathode material, and very likely to NMC cathode material as well. It
might even be a universal aging mechanism to all kinds of electrode materials. This
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work sheds light on building better batteries through, for instance, surface modification
methods or developing better material synthesis routes in order to improve homogeneity
of electrode materials. Besides, the successful observation of the uneven degradation
and the consistent aging behavior are attributed the thin-coating electrode design,
which minimizes the porous inhomogeneity (through-plane). Hence, this factor should
be taken into account in future aging studies of electrode materials. In addition, The
proposed "active" counter-degradation approach using redox shuttle additives, is very
promising to be exploited in commercial LIB systems. This approach is compatible
with the previously gained knowledge in literature. All the previous investigated RSA
candidates on the cell level can be potentially used in the local overcharge protection
at the microscopic scale.





References

[1] C. McGlade, P. Ekins, The geographical distribution of fossil fuels unused when
limiting global warming to 2°C, Nature 517 (2015) 187–190.

[2] J. Aghaei, M. I. Alizadeh, Demand response in smart electricity grids equipped
with renewable energy sources: A review, Renewable and Sustainable Energy
Reviews 18 (2013) 64–72.

[3] A. Evans, V. Strezov, T. J. Evans, Assessment of utility energy storage options
for increased renewable energy penetration, Renewable and Sustainable Energy
Reviews 16 (2012) 4141–4147.

[4] M. Armand, J.-M. Tarascon, Building better batteries., Nature 451 (2008)
652–657.

[5] B. Dunn, B. Dunn, H. Kamath, J.-m. Tarascon, Electrical energy storage for the
grid : A Battery of choices, Science Magazine 334 (2011) 928–936.

[6] B. Nykvist, M. Nilsson, Rapidly falling costs of battery packs for electric vehicles,
Nature Climate Change 5 (2015) 329.

[7] J. B. Goodenough, Y. Kim, Challenges for Rechargeable Li Batteries, Chemistry
of Materials 22 (2010) 587–603.

[8] J. B. Goodenough, K.-S. Park, The Li-ion rechargeable battery: a perspective.,
Journal of the American Chemical Society 135 (2013) 1167–76.

[9] D. Guerard, A. Herold, Intercalation of lithium into graphite and other carbons,
Carbon 13 (1975) 337–345.

[10] A. Dey, B. Sullivan, The electrochemical decomposition of propylene carbonate
on graphite, Journal of The Electrochemical Society 117 (1970) 222–224.

[11] R. Fong, U. Von Sacken, J. R. Dahn, Studies of lithium intercalation into carbons
using nonaqueous electrochemical cells, Journal of The Electrochemical Society
137 (1990) 2009–2013.



108 References

[12] D. Aurbach, E. Zinigrad, Y. Cohen, H. Teller, A short review of failure mecha-
nisms of lithium metal and lithiated graphite anodes in liquid electrolyte solutions,
Solid State Ionics 148 (2002) 405–416.

[13] K. Xu, Electrolytes and interphases in li-ion batteries and beyond, Chemical
Reviews 114 (2014) 11503–11618.

[14] J. Vetter, P. Novák, M. Wagner, C. Veit, K.-C. Möller, J. Besenhard, M. Winter,
M. Wohlfahrt-Mehrens, C. Vogler, A. Hammouche, Ageing mechanisms in
lithium-ion batteries, Journal of Power Sources 147 (2005) 269–281.

[15] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach, Challenges in the
development of advanced li-ion batteries: a review, Energy & Environmental
Science 4 (2011) 3243–3262.

[16] Y. Tang, L. Yang, S. Fang, Z. Qiu, Li4Ti5O12 hollow microspheres assembled by
nanosheets as an anode material for high-rate lithium ion batteries, Electrochimica
Acta 54 (2009) 6244–6249.

[17] K. Amine, I. Belharouak, Z. Chen, T. Tran, H. Yumoto, N. Ota, S.-T. Myung,
Y.-K. Sun, Nanostructured anode material for high-power battery system in
electric vehicles, Advanced Materials 22 (2010) 3052–3057.

[18] B. Liang, Y. Liu, Y. Xu, Silicon-based materials as high capacity anodes for next
generation lithium ion batteries, Journal of Power Sources 267 (2014) 469–490.

[19] A. Manthiram, X. Yu, S. Wang, Lithium battery chemistries enabled by solid-
state electrolytes, Nature Reviews Materials 2 (2017) 16103.

[20] M. S. Whittingham, Lithium batteries and cathode materials, Chemical Reviews
104 (2004) 4271–4301.

[21] N. Nitta, F. Wu, J. T. Lee, G. Yushin, Li-ion battery materials: present and
future, Materials Today 18 (2015) 252–264.

[22] K. Mizushima, P. C. Jones, P. J. Wiseman, J. B. Goodenough, LiCoO2: A new
cathode material for batteries of high energy density, Solid State Ionics 3-4
(1981) 171–174.

[23] H. Gabrisch, R. Yazami, B. Fultz, Hexagonal to cubic spinel transformation in
lithiated cobalt oxide tem investigation, Journal of The Electrochemical Society
151 (2004) A891–A897.

[24] A. G. Ritchie, C. O. Giwa, J. C. Lee, P. Bowles, A. Gilmour, J. Allan, D. A.
Rice, F. Brady, S. C. Tsang, Future cathode materials for lithium rechargeable
batteries, Journal of Power Sources 80 (1999) 98–102.



References 109

[25] T. Ohzuku, A. Ueda, M. Nagayama, Electrochemistry and Structural Chem-
istry of LiNiO2 (R3m) for 4 Volt Secondary Lithium Cells, Journal of the
Electrochemical Society 140 (1993) 1862–1870.

[26] J. Dahn, U. von Sacken, C. Michal, Structure and electrochemistry of Li1±yNiO2
and a new Li2NiO2 phase with the Ni(OH)2 structure, Solid State Ionics 44
(1990) 87–97.

[27] J. Dahn, U. Von Sacken, M. Juzkow, H. Al-Janaby, Rechargeable LiNiO2/carbon
cells, Journal of the Electrochemical Society 138 (1991) 2207–2211.

[28] M. Thomas, W. David, J. Goodenough, P. Groves, Synthesis and structural
characterization of the normal spinel Li[Ni2]O4, Materials research bulletin 20
(1985) 1137–1146.

[29] J. Xu, F. Lin, D. Nordlund, E. J. Crumlin, F. Wang, J. Bai, M. M. Doeff,
W. Tong, Elucidation of the surface characteristics and electrochemistry of
high-performance LiNiO2 , Chemical Communication 52 (2016) 4239–4242.

[30] A. Ueda, T. Ohzuku, Solid-State Redox Reactions of LiNi1/2Co1/2O2 (R3m) for 4
Volt Secondary Lithium Cells, Journal of the Electrochemical Society 141 (1994)
2010–2014.

[31] H. Arai, S. Okada, Y. Sakurai, J.-i. Yamaki, Electrochemical and Thermal
Behavior of LiNi1−zMzO2(M= Co, Mn, Ti), Journal of the Electrochemical
Society 144 (1997) 3117–3125.

[32] H. Arai, S. Okada, Y. Sakurai, J.-i. Yamaki, Thermal behavior of Li1−yNiO2 and
the decomposition mechanism, Solid State Ionics 109 (1998) 295–302.

[33] M. Guilmard, L. Croguennec, C. Delmas, Thermal Stability of Lithium Nickel
Oxide Derivatives. Part II: LixNi0.70Co0.15Al0.15O2 and LixNi0.90Mn0.10O2 (x=
0.50 and 0.30). Comparison with LixNi1.02O2 and LixNi0.89Al0.16O2, Chemistry
of materials 15 (2003) 4484–4493.

[34] M. Guilmard, L. Croguennec, C. Delmas, Effects of manganese substitution for
nickel on the structural and electrochemical properties of LiNiO2, Journal of
The Electrochemical Society 150 (2003) A1287–A1293.

[35] Y. Koyama, N. Yabuuchi, I. Tanaka, H. Adachi, T. Ohzuku, Solid-State Chemistry
and Electrochemistry of LiNi1/3Co1/3Mn1/3O2 for Advanced Lithium-Ion Batteries
I. First-Principles Calculation on the Crystal and Electronic Structures, Journal
of The Electrochemical Society 151 (2004) A1545–A1551.

[36] H.-J. Noh, S. Youn, C. S. Yoon, Y.-K. Sun, Comparison of the structural and
electrochemical properties of layered Li[NixCoyMnz]O2 (x= 1/3, 0.5, 0.6, 0.7, 0.8
and 0.85) cathode material for lithium-ion batteries, Journal of Power Sources
233 (2013) 121–130.



110 References

[37] H. Konishi, T. Yuasa, M. Yoshikawa, Thermal stability of
Li1−yNixMn(1−x)/2Co(1−x)/2O2 layer-structured cathode materials used in
Li-Ion batteries, Journal of Power Sources 196 (2011) 6884–6888.

[38] S. Venkatraman, Y. Shin, A. Manthiram, Phase Relationships and Structural
and Chemical Stabilities of Charged Li1−xCoO2- δ and Li1−xNi0.85Co0.15O2-δ
Cathodes, Electrochemical and solid-state letters 6 (2003) A9–A12.

[39] M. Guilmard, L. Croguennec, D. Denux, C. Delmas, Thermal Stability of Lithium
Nickel Oxide Derivatives. Part I: LixNi1.02O2 and LixNi0.89Al0.16O2(x= 0.50 and
0.30), Chemistry of materials 15 (2003) 4476–4483.

[40] S. H. Park, K. S. Park, Y. K. Sun, K. S. Nahm, Y. S. Lee, M. Yoshio, Structural
and electrochemical characterization of lithium excess and Al-doped nickel oxides
synthesized by the sol–gel method, Electrochimica Acta 46 (2001) 1215–1222.

[41] T. Ohzuku, A. Ueda, M. Kouguchi, Synthesis and Characterization of
LiAl1/4Ni3/4O2 (R3m) for Lithium-Ion (Shuttlecock) Batteries, Journal of The
Electrochemical Society 142 (1995) 4033–4039.

[42] G. Ceder, Y.-M. Chiang, D. Sadoway, M. Aydinol, Y.-I. Jang, B. Huang, Iden-
tification of cathode materials for lithium batteries guided by first-principles
calculations, Nature 392 (1998) 694.

[43] M. K. Aydinol, A. F. Kohan, G. Ceder, Ab initio calculation of the intercalation
voltage of lithium-transition-metal oxide electrodes for rechargeable batteries,
Journal of Power Sources 68 (1997) 664–668.

[44] J. Reimers, E. Rossen, C. Jones, J. Dahn, Structure and electrochemistry of
LixFeyNi1−yO2, Solid State Ionics 61 (1993) 335–344.

[45] E. Chappel, G. Chouteau, G. Prado, C. Delmas, Magnetic properties of
LiNi1−yFeyO2, Solid State Ionics 159 (2003) 273–278.

[46] J. Kim, K. Amine, The effect of tetravalent titanium substitution in LiNi1−xTixO2
(0.025≤x≤0.2) system, Electrochemistry Communications 3 (2001) 52–55.

[47] M. Song, C. Park, S. Yoon, H. Park, D. R. Mumm, Electrochemical properties
of LiNi1−yMyO2 (M= Ni, Ga, Al and/or Ti) cathodes, Ceramics International
35 (2009) 1145–1150.

[48] H. Tukamoto, A. West, Electronic conductivity of LiCoO2 and its enhancement by
magnesium doping, Journal of The Electrochemical Society 144 (1997) 3164–3168.

[49] C.-C. Chang, J. Y. Kim, P. N. Kumta, Synthesis and Electrochemical Character-
ization of Divalent Cation-Incorporated Lithium Nickel Oxide, Journal of the
Electrochemical Society 147 (2000) 1722–1729.



References 111

[50] C.-C. Chang, J. Y. Kim, P. N. Kumta, Divalent cation incorporated
Li(1+x)MMgxO2(1+x) (M= Ni0.75Co0.25): viable cathode materials for rechargeable
lithium-ion batteries, Journal of Power Sources 89 (2000) 56–63.

[51] S.-T. Myung, F. Maglia, K.-J. Park, C. S. Yoon, P. Lamp, S.-J. Kim, Y.-K. Sun,
Nickel-rich Layered Cathode Materials for Automotive Lithium-ion Batteries:
Achievements and Perspectives, ACS Energy Letters (2016) 196–223.

[52] D. P. Abraham, R. D. Twesten, M. Balasubramanian, I. Petrov, J. McBreen,
K. Amine, Surface changes on LiNi0.8Co0.2O2 particles during testing of high-
power lithium-ion cells, Electrochemistry Communications 4 (2002) 620–625.

[53] D. P. Abraham, R. D. Twesten, M. Balasubramanian, J. Kropf, D. Fischer,
J. Mcbreen, I. Petrov, K. Amine, Microscopy and Spectroscopy of Lithium Nickel
Oxide-Based Particles Used in High Power Lithium-Ion Cells, Journal of The
Electrochemical Society (2003) 1450–1456.

[54] S. Muto, Y. Sasano, K. Tatsumi, T. Sasaki, Capacity-Fading Mechanisms
of LiNiO2-Based Lithium-Ion Batteries II. Diagnostic Analysis by Electron
Microscopy and Spectroscopy, Journal of The Electrochemical Society (2009)
371–377.

[55] T. Sasaki, T. Nonaka, H. Oka, C. Okuda, Y. Itou, Y. Kondo, Y. Takeuchi,
Y. Ukyo, K. Tatsumi, S. Muto, Capacity-Fading Mechanisms of LiNiO2-Based
Lithium-Ion Batteries I. Analysis by Electrochemical and Spectroscopic Exami-
nation, Journal of The Electrochemical Society 371 (2009) A371.

[56] Y. Kojima, S. Muto, K. Tatsumi, H. Kondo, H. Oka, K. Horibuchi, Y. Ukyo,
Degradation analysis of a Ni-based layered positive-electrode active material
cycled at elevated temperatures studied by scanning transmission electron mi-
croscopy and electron energy-loss spectroscopy, Journal of Power Sources 196
(2011) 7721–7727.

[57] L. Wu, K. W. Nam, X. Wang, Y. Zhou, J. C. Zheng, X. Q. Yang, Y. Zhu,
Structural origin of overcharge-induced thermal instability of Ni-containing
layered-cathodes for high-energy-density lithium batteries, Chemistry of Materials
23 (2011) 3953–3960.

[58] R. Robert, P. Novák, Structural Changes and Microstrain Generated on
LiNi0.80Co0.15Al0.05O2 during Cycling: Effects on the Electrochemical Perfor-
mance, Journal of the Electrochemical Society 162 (2015) A1823–A1828.

[59] S. Hwang, W. Chang, S. M. Kim, D. Su, D. H. Kim, J. Y. Lee, K. Y. Chung, E. A.
Stach, Investigation of Changes in the Surface Structure of LixNi0.8Co0.15Al0.05O2
Cathode Materials Induced by the Initial Charge, Chemistry of Materials 26
(2014) 1084–1092.



112 References

[60] W. Liu, P. Oh, X. Liu, M.-j. Lee, W. Cho, S. Chae, Y. Kim, J. Cho, Nickel-Rich
Layered Lithium Transition-Metal Oxide for High-Energy Lithium-Ion Batteries,
Angewandte Chemie International Edition (2015) 4440–4457.

[61] H. Zhang, F. Omenya, M. S. Whittingham, C. Wang, G. Zhou, Formation of an
Anti-Core–Shell Structure in Layered Oxide Cathodes for Li-Ion Batteries, ACS
Energy Letters (2017) 2598–2606.

[62] R. Kostecki, F. McLarnon, Local-Probe Studies of Degradation of Composite
LiNi0.8Co0.15Al0.05O2 Cathodes in High-Power Lithium-Ion Cells, Electrochemical
and Solid-State Letters 7 (2004) A380.

[63] R. Kostecki, J. Lei, F. McLarnon, J. Shim, K. Striebel, Diagnostic Evaluation of
Detrimental Phenomena in High-Power Lithium-Ion Batteries, Journal of The
Electrochemical Society 153 (2006) A669.

[64] H. Kobayashi, M. Shikano, S. Koike, H. Sakaebe, K. Tatsumi, Investigation
of positive electrodes after cycle testing of high-power Li-ion battery cells. I.
An approach to the power fading mechanism using XANES, Journal of Power
Sources 174 (2007) 380–386.

[65] M. Shikano, H. Kobayashi, S. Koike, H. Sakaebe, E. Ikenaga, K. Kobayashi,
K. Tatsumi, Investigation of positive electrodes after cycle testing of high-power
li-ion battery cells ii: An approach to the power fading mechanism using hard
x-ray photoemission spectroscopy, Journal of Power Sources 174 (2007) 795–799.

[66] G. V. Zhuang, G. Chen, J. Shim, X. Song, P. N. Ross, T. J. Richardson, Li2CO3
in LiNi0.8Co0.15Al0.05O2 cathodes and its effects on capacity and power, Journal
of Power Sources 134 (2004) 293–297.

[67] N. V. Faenza, L. Bruce, Z. W. Lebens-Higgins, I. Plitz, N. Pereira, L. F. J.
Piper, G. G. Amatucci, Growth of Ambient Induced Surface Impurity Species on
Layered Positive Electrode Materials and Impact on Electrochemical Performance,
Journal of The Electrochemical Society 164 (2017) A3727–A3741.

[68] D. J. Miller, C. Proff, J. G. Wen, D. P. Abraham, J. Bareño, Observation of
Microstructural Evolution in Li Battery Cathode Oxide Particles by In Situ
Electron Microscopy, Advanced Energy Materials (2013) 1098–1103.

[69] Y. Makimura, S. Zheng, Y. Ikuhara, Y. Ukyo, Microstructural observation of
LiNi0.8Co0.15Al0.05O2 after charge and discharge by scanning transmission electron
microscopy, Journal of The Electrochemical Society 159 (2012) A1070–A1073.

[70] S. Watanabe, M. Kinoshita, T. Hosokawa, K. Morigaki, K. Nakura, Capacity
fade of LiAlyNi1−x−yCoxO2 cathode for lithium-ion batteries during accelerated
calendar and cycle life tests (surface analysis of LiAlyNi1−x−yCoxO2 cathode after
cycle tests in restricted depth of discharge ranges), Journal of Power Sources 258
(2014) 210–217.



References 113

[71] H. Zhang, F. Omenya, P. Yan, L. Luo, M. S. Whittingham, C. Wang, G. Zhou,
Rock-Salt Growth-Induced (003) Cracking in a Layered Positive Electrode for
Li-Ion Batteries, ACS Energy Letters 2 (2017) 2607–2615.

[72] J. Nanda, J. Remillard, A. O’Neill, D. Bernardi, T. Ro, K. E. Nietering, J.-Y.
Go, T. J. Miller, Local state-of-charge mapping of lithium-ion battery electrodes,
Advanced Functional Materials 21 (2011) 3282–3290.

[73] T. Nishi, H. Nakai, A. Kita, Visualization of the State-of-Charge Distribution in
a LiCoO2 Cathode by In Situ Raman Imaging, Journal of the Electrochemical
Society 160 (2013) A1785–A1788.

[74] W. E. Gent, Y. Li, S. Ahn, J. Lim, Y. Liu, A. M. Wise, C. B. Gopal, D. N. Mueller,
R. Davis, J. N. Weker, J. H. Park, S. K. Doo, W. C. Chueh, Persistent State-
of-Charge Heterogeneity in Relaxed, Partially Charged LiNi0.33Co0.33Mn0.33O2
Secondary Particles, Advanced Materials (2016) 6631–6638.

[75] S. Fang, M. Yan, R. J. Hamers, Cell design and image analysis for in situ
Raman mapping of inhomogeneous state-of-charge profiles in lithium-ion batteries,
Journal of Power Sources 352 (2017) 18–25.

[76] Y. Xu, E. Hu, K. Zhang, X. Wang, V. Borzenets, Z. Sun, P. Pianetta, X. Yu,
Y. Liu, X.-Q. Yang, H. Li, In situ Visualization of State-of-Charge Heterogeneity
within a LiCoO2 Particle that Evolves upon Cycling at Different Rates, ACS
Energy Letters (2017) 1240–1245.

[77] C. Tian, Y. Xu, D. Nordlund, F. Lin, J. Liu, Z. Sun, Y. Liu, M. Doeff, Charge
Heterogeneity and Surface Chemistry in Polycrystalline Cathode Materials, Joule
(2018) 1–14.

[78] M. M. Forouzan, B. A. Mazzeo, D. R. Wheeler, Modeling the effects of elec-
trode microstructural heterogeneities on Li-ion battery performance and lifetime,
Journal of The Electrochemical Society 165 (2018) A2127–A2144.

[79] J. Liu, M. Kunz, K. Chen, N. Tamura, T. J. Richardson, Visualization of charge
distribution in a lithium battery electrode, Journal of Physical Chemistry Letters
1 (2010) 2120–2123.

[80] F. C. Strobridge, B. Orvananos, M. Croft, H. C. Yu, R. Robert, H. Liu, Z. Zhong,
T. Connolley, M. Drakopoulos, K. Thornton, C. P. Grey, Mapping the inhomoge-
neous electrochemical reaction through porous LiFePO4-electrodes in a standard
coin cell battery, Chemistry of Materials 27 (2015) 2374–2386.

[81] T. Sasaki, C. Villevieille, Y. Takeuchi, P. Novák, Understanding Inhomogeneous
Reactions in Li-Ion Batteries: Operando Synchrotron X-Ray Diffraction on
Two-Layer Electrodes, Advanced Science 2 (2015) 1500083.



114 References

[82] K. Kitada, H. Murayama, K. Fukuda, H. Arai, Y. Uchimoto, Z. Ogumi, Effect
of Potential Profile on Battery Capacity Decrease during Continuous Cycling,
The Journal of Physical Chemistry C 121 (2017) 6018–6023.

[83] M. Klett, P. Svens, C. Tengstedt, A. Seyeux, S. Jolanta, G. Lindbergh, R. Wreland,
Uneven Film Formation across Depth of Porous Graphite Electrodes in Cycled
Commercial Li-Ion Batteries, Journal of Physical Chemistry C (2015).

[84] T. Waldmann, A. Iturrondobeitia, M. Kasper, N. Ghanbari, F. Aguesse,
E. Bekaert, L. Daniel, S. Genies, I. J. Gordon, M. W. Löble, E. De Vito,
M. Wohlfahrt-Mehrens, Review Post-Mortem Analysis of Aged Lithium-Ion
Batteries: Disassembly Methodology and Physico-Chemical Analysis Techniques,
Journal of The Electrochemical Society 163 (2016) A2149–A2164.

[85] M. Klett, R. Eriksson, J. Groot, P. Svens, K. Ciosek Högström, R. W. Lindström,
H. Berg, T. Gustafson, G. Lindbergh, K. Edström, Non-uniform aging of cycled
commercial LiFePO4//graphite cylindrical cells revealed by post-mortem analysis,
Journal of Power Sources 257 (2014) 126–137.

[86] B. Stiaszny, J. C. Ziegler, E. E. Krauß, J. P. Schmidt, E. Ivers-
Tiffée, Electrochemical characterization and post-mortem analysis of aged
LiMn2O4–Li(Ni0.5Mn0.3Co0.2)O2/graphite lithium ion batteries. Part I: Cycle
aging, Journal of Power Sources 251 (2014) 439–450.

[87] Y. Wu, P. Keil, S. F. Schuster, A. Jossen, Impact of Temperature and Discharge
Rate on the Aging of a LiCoO2/LiNi0.8Co0.15Al0.05O2 Lithium-Ion Pouch Cell,
Journal of The Electrochemical Society 164 (2017) A1438–A1445.

[88] J. Li, S. L. Glazier, K. Nelson, X. Ma, J. Harlow, J. Paulsen, J. R. Dahn, Effect
of Choices of Positive Electrode Material, Electrolyte, Upper Cut-Off Voltage
and Testing Temperature on the Life Time of Lithium-Ion Cells, Journal of The
Electrochemical Society 165 (2018) A3195–A3204.

[89] E. Sarasketa-Zabala, F. Aguesse, I. Villarreal, L. M. Rodriguez-Martinez, C. M.
López, P. Kubiak, Understanding lithium inventory loss and sudden performance
fade in cylindrical cells during cycling with deep-discharge steps, Journal of
Physical Chemistry C 119 (2015) 896–906.

[90] E. V. Gheem, R. Pintelon, J. Vereecken, J. Schoukens, Electrochemical impedance
spectroscopy in the presence of non-linear distortions and non-stationary be-
haviour Part I : theory and validation, Electrochemica Acta 49 (2004) 4753–4762.

[91] E. V. Gheem, R. Pintelon, A. Hubin, J. Schoukens, P. Verboven, O. Blajiev,
J. Vereecken, Electrochemical impedance spectroscopy in the presence of non-
linear distortions and non-stationary behaviour Part II . Application to crys-
tallographic pitting corrosion of aluminium, Electrochimica Acta 51 (2006)
1443–1452.



References 115

[92] E. M. Tennyson, C. Gong, M. S. Leite, Imaging Energy Harvesting and Storage
Systems at the Nanoscale, ACS Energy Letters (2017) 2761–2777.

[93] S. Yang, J. Wu, B. Yan, L. Li, Y. Sun, L. Lu, K. Zeng, Nanoscale characteri-
zation of charged/discharged lithium-rich thin film cathode by scanning probe
microscopy techniques, Journal of Power Sources 352 (2017) 9–17.

[94] A. Mascaro, Z. Wang, P. Hovington, Y. Miyahara, A. Paolella, V. Gariepy,
Z. Feng, T. Enright, C. Aiken, K. Zaghib, K. H. Bevan, P. Grutter, Measuring
Spatially Resolved Collective Ionic Transport on Lithium Battery Cathodes Using
Atomic Force Microscopy, Nano Letters 17 (2017) 4489–4496.

[95] Y. Takahashi, A. Kumatani, H. Munakata, H. Inomata, K. Ito, K. Ino, H. Shiku,
P. R. Unwin, Y. E. Korchev, K. Kanamura, T. Matsue, Nanoscale visualization
of redox activity at lithium-ion battery cathodes, Nature Communications 5
(2014) 1–7.

[96] N. Balke, S. Jesse, a. N. Morozovska, E. Eliseev, D. W. Chung, Y. Kim, L. Adam-
czyk, R. E. García, N. Dudney, S. V. Kalinin, Nanoscale mapping of ion diffusion
in a lithium-ion battery cathode., Nature nanotechnology 5 (2010) 749–754.

[97] S. Yang, B. Yan, L. Lu, K. Zeng, Grain boundary effects on Li-ion diffusion in a
Li1.2Co0.13Ni0.13Mn0.54O2thin film cathode studied by scanning probe microscopy
techniques, RSC Advances 6 (2016) 94000–94009.

[98] W. Melitz, J. Shen, A. C. Kummel, S. Lee, Kelvin probe force microscopy and
its application, Surface Science Reports 66 (2011) 1–27.

[99] M. Nonnenmacher, M. P. O’Boyle, H. K. Wickramasinghe, Kelvin probe force
microscopy, Applied Physics Letters 58 (1991) 2921–2923.

[100] R. Shikler, T. Meoded, N. Fried, B. Mishori, Y. Rosenwaks, Two-dimensional
surface band structure of operating light emitting devices, Journal of Applied
Physics 86 (1999) 107–113.

[101] S. V. Kalinin, A. Gruverman, Scanning probe microscopy of functional materials:
nanoscale imaging and spectroscopy, Springer Science & Business Media, 2010.

[102] E. Barsoukov, J. R. Macdonald, Impedance spectroscopy: theory, experiment,
and applications, John Wiley & Sons, 2005.

[103] A. Lasia, Electrochemical impedance spectroscopy and its applications, volume 7,
Springer, 2014.

[104] M. Urquidi-Macdonald, S. Real, D. D. Macdonald, Applications of
Kramers—Kronig transforms in the analysis of electrochemical impedance
data—III. Stability and linearity, Electrochimica Acta 35 (1990) 1559–1566.



116 References

[105] O. L. Blajiev, R. Pintelon, A. Hubin, Detection and evaluation of measurement
noise and stochastic non-linear distortions in electrochemical impedance mea-
surements by a model based on a broadband periodic excitation, Journal of
Electroanalytical Chemistry 576 (2005) 65–72.

[106] Y. Van Ingelgem, E. Tourwé, O. Blajiev, R. Pintelon, A. Hubin, Advantages of
odd random phase multisine electrochemical impedance measurements, Electro-
analysis 21 (2009) 730–739.

[107] T. Breugelmans, An identification approach as a prerequisite for quantitative
electrochemical studies, Ph.D. thesis, Vrije Universiteit Brussel, 2010.

[108] T. Breugelmans, J. Lataire, T. Muselle, E. Tourwé, R. Pintelon, A. Hubin, Odd
random phase multisine electrochemical impedance spectroscopy to quantify a
non-stationary behaviour: Theory and validation by calculating an instantaneous
impedance value, Electrochimica Acta 76 (2012) 375–382.

[109] Y. Van Ingelgem, E. Tourwé, J. Vereecken, A. Hubin, Application of multisine
impedance spectroscopy, FE-AES and FE-SEM to study the early stages of
copper corrosion, Electrochimica Acta 53 (2008) 7523–7530.

[110] B. Wouters, R. Claessens, A. Hubin, H. Terryn, On the use of instantaneous
impedance for post-electrochemical treatment analysis, Electrochemistry Com-
munications 93 (2018) 187–190.

[111] L. Fernández Macía, M. Petrova, T. Hauffman, T. Muselle, T. Doneux, A. Hubin,
A study of the electron transfer inhibition on a charged self-assembled monolayer
modified gold electrode by odd random phase multisine electrochemical impedance
spectroscopy, Electrochimica Acta 140 (2014) 282–293.

[112] K. Cysewska, L. Fernández Macía, P. Jasiński, A. Hubin, Tailoring the electro-
chemical degradation of iron protected with polypyrrole films for biodegradable
cardiovascular stents, Electrochimica Acta 245 (2017) 327–336.

[113] T. Breugelmans, E. Tourwé, Y. Van Ingelgem, J. Wielant, T. Hauffman, R. Haus-
brand, R. Pintelon, A. Hubin, Odd random phase multisine EIS as a detection
method for the onset of corrosion of coated steel, Electrochemistry Communica-
tions 12 (2010) 2–5.

[114] T. Breugelmans, E. Tourwé, J. B. Jorcin, A. Alvarez-Pampliega, B. Geboes,
H. Terryn, A. Hubin, Odd random phase multisine EIS for organic coating
analysis, Progress in Organic Coatings 69 (2010) 215–218.

[115] L. Fernández Macía, M. Petrova, A. Hubin, ORP-EIS to study the time evo-
lution of the [Fe (CN) 6] 3-/[Fe (CN) 6] 4-reaction due to adsorption at the
electrochemical interface, Journal of Electroanalytical Chemistry 737 (2015)
46–53.



References 117

[116] A. J. Bard, L. R. Faulkner, J. Leddy, C. G. Zoski, Electrochemical methods:
fundamentals and applications, volume 2, wiley New York, 1980.

[117] Y. Kobayashi, T. Kobayashi, K. Shono, Y. Ohno, Y. Mita, H. Miyashiro, De-
crease in Capacity in Mn-Based/Graphite Commercial Lithium-Ion Batteries: I.
Imbalance Proof of Electrode Operation Capacities by Cell Disassembly, Journal
of the Electrochemical Society 160 (2013) A1181–A1186.

[118] S. C. Nagpure, B. Bhushan, S. S. Babu, Surface potential measurement of aged
Li-ion batteries using Kelvin probe microscopy, Journal of Power Sources 196
(2011) 1508–1512.

[119] H. Masuda, N. Ishida, Y. Ogata, D. Ito, D. Fujita, Internal potential mapping
of charged solid-state-lithium ion batteries using in situ Kelvin probe force
microscopy, Nanoscale 9 (2017) 893–898.

[120] P. Schmutz, G. Frankel, Characterization of AA2024-T3 by scanning Kelvin probe
force microscopy, Journal of the Electrochemical Society 145 (1998) 2285–2295.

[121] J. Nanda, J. Remillard, A. O’Neill, D. Bernardi, T. Ro, K. E. Nietering, J.-Y.
Go, T. J. Miller, Local state-of-charge mapping of lithium-ion battery electrodes,
Advanced Functional Materials 21 (2011) 3282–3290.

[122] H. O. Jacobs, H. F. Knapp, A. Stemmer, Practical aspects of Kelvin probe force
microscopy, Review of Scientific Instruments 70 (1999) 1756–1760.

[123] T. Nakamura, T. Watanabe, Y. Kimura, K. Amezawa, K. Nitta, H. Tanida,
K. Ohara, Y. Uchimoto, Z. Ogumi, Visualization of Inhomogeneous Reaction
Distribution in the Model LiCoO2 Composite Electrode of Lithium Ion Batteries,
The Journal of Physical Chemistry C 121 (2017) 2118–2124.

[124] A. Grenier, H. Liu, K. M. Wiaderek, Z. W. Lebens-Higgins, O. J. Borkiewicz,
L. F. Piper, P. J. Chupas, K. W. Chapman, Reaction Heterogeneity in
LiNi0.80Co0.15Al0.05O2 Induced by Surface Layer, Chemistry of Materials 29
(2017) 7345–7352.

[125] R. I. Revilla, H. Terryn, I. De Graeve, On the use of skpfm for in situ studies of
the repassivation of the native oxide film on aluminium in air, Electrochemistry
Communications (2018).

[126] H. Jacobs, P. Leuchtmann, O. Homan, A. Stemmer, Resolution and contrast in
kelvin probe force microscopy, Journal of Applied Physics 84 (1998) 1168–1173.

[127] M. D. Scanlon, P. Peljo, M. A. Méndez, E. Smirnov, H. H. Girault, Charging and
discharging at the nanoscale: Fermi level equilibration of metallic nanoparticles,
Chemical Science 6 (2015) 2705–2720.



118 References

[128] A. Bard, L. Faulkner, Electrochemical Methods: Fundamentals and Applications,
2nd Edition, John Wiley & Sons, 2000.

[129] R. Huggins, Advanced batteries: materials science aspects, Springer Science &
Business Media, 2008.

[130] M. S. Islam, C. A. J. Fisher, Lithium and sodium battery cathode materials:
computational insights into voltage, diffusion and nanostructural properties,
Chem. Soc. Rev. 43 (2014) 185–204.

[131] S. Trasatti, Surface science and electrochemistry: concepts and problems, Surf.
Sci 335 (1995) 1–9.

[132] S. Trasatti, The absolute electrode potential the end of the story, Electrochim.
Acta 35 (1990) 269 – 271.

[133] S. Trasatti, Structure of the metal/electrolyte solution interface: new data for
theory, Electrochim. Acta 36 (1991) 1659–1667.

[134] S. Trasatti, Work function, electronegativity, and electrochemical behaviour of
metals. II. Potentials of zero charge and "electrochemical" work functions, J.
Electroanal. Chem 33 (1971) 351–378.

[135] B. Efron, R. Tibshirani, Bootstrap methods for standard errors, confidence
intervals, and other measures of statistical accuracy, Statistical science (1986)
54–75.

[136] M. Thomas, P. Bruce, J. Goodenough, Lithium mobility in the layered oxide
Li1−xCoO2 , Solid State Ionics 17 (1985) 13–19.

[137] A. Kahn, Fermi level, work function and vacuum level, Mater. Horiz. 3 (2016)
7–10.

[138] Y.-k. Sun, S.-t. Myung, B.-c. Park, J. Prakash, I. Belharouak, K. Amine, High-
energy cathode material for long-life and safe lithium batteries, Nature Materials
8 (2009) 320–324.

[139] Y.-k. Sun, Z. Chen, H.-j. Noh, D.-j. Lee, H.-g. Jung, Y. Ren, S. Wang, C. S.
Yoon, S.-t. Myung, K. Amine, Nanostructured high-energy cathode materials for
advanced lithium batteries, Nature Materials 11 (2012) 1–6.

[140] S. Solchenbach, D. Pritzl, E. J. Y. Kong, J. Landesfeind, H. A. Gasteiger, A
Gold Micro-Reference Electrode for Impedance and Potential Measurements
in Lithium Ion Batteries, Journal of The Electrochemical Society 163 (2016)
A2265–A2272.



References 119

[141] T. Osaka, D. Mukoyama, H. Nara, Review — Development of Diagnostic
Process for Commercially Available Batteries , Especially Lithium Ion Battery ,
by Electrochemical Impedance Spectroscopy, Journal of The Electrochemical
Society 162 (2015) 2529–2537.

[142] J. Zhou, P. H. L. Notten, Development of Reliable Lithium Microreference
Electrodes for Long-Term In Situ Studies of Lithium-Based Battery Systems,
Journal of The Electrochemical Society 151 (2004) A2173.

[143] A. N. Jansen, D. W. Dees, D. P. Abraham, K. Amine, G. L. Henriksen, Low-
temperature study of lithium-ion cells using a LiySn micro-reference electrode,
Journal of Power Sources 174 (2007) 373–379.

[144] S. Klink, E. Madej, E. Ventosa, A. Lindner, W. Schuhmann, F. La Mantia,
The importance of cell geometry for electrochemical impedance spectroscopy in
three-electrode lithium ion battery test cells, Electrochemistry Communications
22 (2012) 120–123.

[145] M. D. Levi, V. Dargel, Y. Shilina, D. Aurbach, I. C. Halalay, Electrochimica Acta
Impedance Spectra of Energy-Storage Electrodes Obtained with Commercial
Three-Electrode Cells : Some Sources of Measurement Artefacts, Electrochimica
Acta 149 (2014) 126–135.

[146] C. Delacourt, P. L. Ridgway, V. Srinivasan, V. Battaglia, Measurements and
Simulations of Electrochemical Impedance Spectroscopy of a Three-Electrode
Coin Cell Design for Li-Ion Cell Testing, Journal of the Electrochemical Society
161 (2014) A1253–A1260.

[147] Y. Hoshi, Y. Narita, K. Honda, T. Ohtaki, I. Shitanda, Optimization of reference
electrode position in a three-electrode cell for impedance measurements in lithium-
ion rechargeable battery by finite element method, Journal of Power Sources 288
(2015) 168–175.

[148] C. Chen, J. Liu, K. Amine, Symmetric cell approach and impedance spectroscopy
of high power lithium-ion batteries, Journal of Power Sources 96 (2001) 321–328.

[149] D. Abraham, E. Reynolds, E. Sammann, a.N. Jansen, D. Dees, Aging
characteristics of high-power lithium-ion cells with LiNi0.8Co0.15Al0.05O2 and
Li4/3Ti5/3O4electrodes, Electrochimica Acta 51 (2005) 502–510.

[150] D. P. Abraham, J. L. Knuth, D. W. Dees, I. Bloom, J. P. Christophersen,
Performance degradation of high-power lithium-ion cells — Electrochemistry of
harvested electrodes, Journal of Power Sources 170 (2007) 465–475.

[151] D. P. Abraham, S. Kawauchi, D. W. Dees, Modeling the impedance versus
voltage characteristics of LiNi0.8Co0.15Al0.05O2, Electrochimica Acta 53 (2008)
2121–2129.



120 References

[152] Y. Zhang, C.-Y. Wang, Cycle-Life Characterization of Automotive Lithium-Ion
Batteries with LiNiO2 Cathode, Journal of The Electrochemical Society 156
(2009) A527.

[153] A. Barai, G. H. Chouchelamane, Y. Guo, A. Mcgordon, P. Jennings, A study
on the impact of lithium-ion cell relaxation on electrochemical impedance spec-
troscopy, Journal of Power Sources 280 (2015) 74–80.

[154] W. Li, J. Reimers, J. Dahn, In situ x-ray diffraction and electrochemical studies
of Li1−xNiO2, Solid State Ionics 67 (1993) 123–130.

[155] H. Zheng, J. Li, X. Song, G. Liu, V. S. Battaglia, A comprehensive understanding
of electrode thickness effects on the electrochemical performances of Li-ion battery
cathodes, Electrochimica Acta 71 (2012) 258–265.

[156] N. Ogihara, Y. Itou, T. Sasaki, Y. Takeuchi, Impedance spectroscopy characteri-
zation of porous electrodes under different electrode thickness using a symmetric
cell for high-performance lithium-ion batteries, The Journal of Physical Chemistry
C 119 (2015) 4612–4619.

[157] E. Barsoukov, Kinetics of lithium intercalation into carbon anodes: in situ
impedance investigation of thickness and potential dependence, Solid State Ionics
116 (1999) 249–261.

[158] D. Cericola, M. E. Spahr, Electrochimica Acta Impedance Spectroscopic Studies
of the Porous Structure of Electrodes containing Graphite Materials with Different
Particle Size and Shape, Electrochimica Acta 191 (2016) 558–566.

[159] S. Watanabe, M. Kinoshita, T. Hosokawa, K. Morigaki, Capacity fading of
LiAlyNi1−x−yCoxO2 cathode for lithium-ion batteries during accelerated calendar
and cycle life tests ( effect of depth of discharge in charge e discharge cycling on
the suppression of the micro-crack generation of LiAlyNi1−x−yCoxO2, Journal of
Power Sources 260 (2014) 50–56.

[160] C. Wang, A. J. Appleby, F. E. Little, Electrochemical impedance study of initial
lithium ion intercalation into graphite powders, Electrochimica Acta 46 (2001)
1793–1813.

[161] L. Birry, A. Lasia, Effect of crystal violet on the kinetics of H sorption into Pd,
Electrochimica Acta 51 (2006) 3356–3364.

[162] M. H. Martin, A. Lasia, Study of the hydrogen absorption in Pd in alkaline
solution, Electrochimica Acta 53 (2008) 6317–6322.

[163] M. Levi, C. Wang, D. Aurbach, Two parallel diffusion paths model for inter-
pretation of PITT and EIS responses from non-uniform intercalation electrodes,
Journal of Electroanalytical Chemistry 561 (2004) 1–11.



References 121

[164] E. Barsoukov, Comparison of kinetic properties of LiCoO2 and
LiTi0.05Mg0.05Ni0.7Co0.2O2 by impedance spectroscopy, Solid State Ionics 161
(2003) 19–29.

[165] J. P. Meyers, M. Doyle, R. M. Darling, J. Newman, The Impedance Response
of a Porous Electrode Composed of Intercalation Particles, Journal of The
Electrochemical Society 147 (2000) 2930.

[166] J. R. Macdonald, Frequency response of unified dielectric and conductive systems
involving an exponential distribution of activation energies, Journal of Applied
Physics 58 (1985) 1955–1970.

[167] J. P. Diard, B. Le Gorrec, C. Montella, Linear diffusion impedance. General
expression and applications, Journal of Electroanalytical Chemistry 471 (1999)
126–131.

[168] J. Bisquert, A. Compte, Theory of the electrochemical impedance of anomalous
diffusion, Journal of Electroanalytical Chemistry 499 (2001) 112–120.

[169] C. Criado, P. Galán-Montenegro, P. Velásquez, J. Ramos-Barrado, Diffusion
with general boundary conditions in electrochemical systems, Journal of Electro-
analytical Chemistry 488 (2000) 59–63.

[170] R. Cabanel, G. Barral, J.-P. Diard, B. Gorrec, C. Montella, Determination
of the diffusion coefficient of an inserted species by impedance spectroscopy:
application to the H/Hx Nb2O5 system, Journal of Applied Electrochemistry 23
(1993) 93–97.

[171] K. Kang, G. Ceder, Factors that affect Li mobility in layered lithium transition
metal oxides, Phys. Rev. B 74 (2006) 094105.

[172] K. Kleiner, D. Dixon, P. Jakes, J. Melke, M. Yavuz, C. Roth, K. Nikolowski,
V. Liebau, H. Ehrenberg, Fatigue of LiNi0.80Co0.15Al0.05O2 in commercial Li ion
batteries, Journal of Power Sources 273 (2015) 70–82.

[173] T. G. Zavalis, M. Klett, M. H. Kjell, M. Behm, R. W. Lindström, G. Lindbergh,
Aging in lithium-ion batteries: Model and experimental investigation of harvested
LiFePO4 and mesocarbon microbead graphite electrodes, Electrochimica Acta
110 (2013) 335–348.

[174] B. Hirschorn, M. E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Musiani,
Determination of effective capacitance and film thickness from constant-phase-
element parameters, Electrochimica Acta 55 (2010) 6218–6227.

[175] R. Robert, C. Bunzli, E. J. Berg, P. Novák, Activation Mechanism of
LiNi0.80Co0.15Al0.05O2: Surface and bulk operando electrochemical, differential
electrochemical mass spectrometry, and x-ray diffraction analyses, Chemistry of
Materials 27 (2015) 526–536.



122 References

[176] K. Kleiner, J. Melke, M. Merz, P. Jakes, P. Nagel, S. Schuppler, V. Liebau,
H. Ehrenberg, Unraveling the Degradation Process of LiNi0.8Co0.15Al0.05O2
Electrodes in Commercial Lithium Ion Batteries by Electronic Structure Investi-
gations, ACS Applied Materials & Interfaces 7 (2015) 19589–19600.

[177] W.-s. Yoon, K. Yoon, J. Mcbreen, D. A. Fischer, X.-q. Yang, Electronic structural
changes of the electrochemically Li-ion by X-ray absorption spectroscopy, Journal
of Power Sources 174 (2007) 1015–1020.

[178] M. Dubarry, B. Y. Liaw, Identify capacity fading mechanism in a commercial
LiFePO4 cell, Journal of Power Sources 194 (2009) 541–549.

[179] H. H. Ryu, K. J. Park, C. S. Yoon, Y. K. Sun, Capacity fading of Ni-
rich [LiNixCoyMn1−x−y]O2(0.6 6 x 6 0.95) Cathodes for High-Energy-Density
Lithium-Ion Batteries: Bulk or Surface Degradation?, Chemistry of Materials 30
(2018) 1155–1163.

[180] S. Müller, J. Eller, M. Ebner, C. Burns, J. Dahn, V. Wood, Quantifying inho-
mogeneity of lithium ion battery electrodes and its influence on electrochemical
performance, Journal of The Electrochemical Society 165 (2018) A339–A344.

[181] S. J. Harris, P. Lu, Effects of inhomogeneities -Nanoscale to mesoscale -on
the durability of Li-ion batteries, Journal of Physical Chemistry C 117 (2013)
6481–6492.

[182] D. Kehrwald, P. R. Shearing, N. P. Brandon, P. K. Sinha, S. J. Harris, Local
Tortuosity Inhomogeneities in a Lithium Battery Composite Electrode, Journal
of The Electrochemical Society 158 (2011) A1393.

[183] M. Fleckenstein, O. Bohlen, M. A. Roscher, B. Bäker, Current density and
state of charge inhomogeneities in Li-ion battery cells with LiFePO4 as cathode
material due to temperature gradients, Journal of Power Sources 196 (2011)
4769–4778.

[184] X. Zhu, L. Fernández Macía, J. Jaguemont, J. de Hoog, A. Nikolian, N. Omar,
A. Hubin, Electrochemical impedance study of commercial LiNi0.80Co0.15Al0.05O2
electrodes as a function of state of charge and aging, Electrochimica Acta 287
(2018) 10–20.

[185] S. Goutam, A. Nikolian, J. Jaguemont, J. Smekens, N. Omar, P. Van Dan Bossche,
J. Van Mierlo, Three-dimensional electro-thermal model of Li-ion pouch cell:
Analysis and comparison of cell design factors and model assumptions, Applied
Thermal Engineering 126 (2017) 796–808.

[186] X. Zhu, R. I. Revilla, A. Hubin, Direct Correlation between Local Surface
Potential Measured by Kelvin Probe Force Microscope and Electrochemical
Potential of LiNi0.80Co0.15Al0.05O2 Cathode at Different State of Charge, The
Journal of Physical Chemistry C 122 (2018) 28556–28563.



References 123

[187] M. M. Thackeray, S.-H. Kang, C. S. Johnson, J. T. Vaughey, R. Benedek,
S. Hackney, Li2MnO3-stabilized LiMO2(M = Mn, Ni, Co) electrodes for lithium-
ion batteries, Journal of Materials chemistry 17 (2007) 3112–3125.

[188] H. Zheng, Q. Sun, G. Liu, X. Song, V. S. Battaglia, Correlation between dissolu-
tion behavior and electrochemical cycling performance for LiNi1/3Co1/3Mn1/3O2-
based cells, Journal of Power Sources 207 (2012) 134–140.

[189] I. Belharouak, W. Lu, D. Vissers, K. Amine, Safety characteristics of
Li(Ni0.8Co0.15Al0.05)O2 and Li(Ni1/3Co1/3Mn1/3)O2, Electrochemistry Communi-
cations 8 (2006) 329–335.

[190] S. M. Bak, K. W. Nam, W. Chang, X. Yu, E. Hu, S. Hwang, E. A. Stach,
K. B. Kim, K. Y. Chung, X. Q. Yang, Correlating structural changes and gas
evolution during the thermal decomposition of charged LixNi0.8Co0.15Al0.05O2
cathode materials, Chemistry of Materials 25 (2013) 337–351.

[191] S.-M. Bak, E. Hu, Y. Zhou, X. Yu, S. D. Senanayake, S.-J. Cho, K.-B. Kim,
K. Y. Chung, X.-Q. Yang, K.-W. Nam, Structural changes and thermal stability
of charged LiNixMnyCozO2 cathode materials studied by combined in situ time-
resolved XRD and mass spectroscopy, ACS applied materials & interfaces 6
(2014) 22594–22601.

[192] N. Y. Kim, T. Yim, J. H. Song, J.-S. Yu, Z. Lee, Microstructural study on
degradation mechanism of layered LiNi0.6Co0.2Mn0.2O2 cathode materials by
analytical transmission electron microscopy, Journal of Power Sources 307 (2016)
641–648.

[193] F. Lin, I. M. Markus, D. Nordlund, T.-C. Weng, M. D. Asta, H. L. Xin, M. M.
Doeff, Surface reconstruction and chemical evolution of stoichiometric layered
cathode materials for lithium-ion batteries, Nature communications 5 (2014)
3529.

[194] Z. Chen, Y. Qin, K. Amine, Redox shuttles for safer lithium-ion batteries,
Electrochimica Acta 54 (2009) 5605–5613.

[195] Dahn, JR and Jiang, Junwei and Moshurchak, LM and Fleischauer, MD and
Buhrmester, C and Krause, LJ, High-rate overcharge protection of lifepo4-based
li-ion cells using the redox shuttle additive 2, 5-ditertbutyl-1, 4-dimethoxybenzene,
Journal of the Electrochemical Society 152 (2005) A1283–A1289.

[196] J. Chen, C. Buhrmester, J. R. Dahn, Chemical Overcharge and Overdischarge
Protection for Lithium-Ion Batteries, Electrochemical and Solid-State Letters 8
(2005) A59.

[197] C. Buhrmester, L. M. Moshurchak, R. L. Wang, J. R. Dahn, The Use of 2,2,6,6-
Tetramethylpiperinyl-Oxides and Derivatives for Redox Shuttle Additives in
Li-Ion Cells, Journal of The Electrochemical Society 153 (2006) A1800.



124 References

[198] R. L. Wang, C. Buhrmester, J. R. Dahn, Calculations of Oxidation Potentials of
Redox Shuttle Additives for Li-Ion Cells, Journal of The Electrochemical Society
153 (2006) A445.

[199] L. M. Moshurchak, C. Buhrmester, R. L. Wang, J. R. Dahn, Comparative studies
of three redox shuttle molecule classes for overcharge protection of LiFePO4-based
Li-ion cells, Electrochimica Acta 52 (2007) 3779–3784.

[200] L. M. Moshurchak, W. M. Lamanna, M. Bulinski, R. L. Wang, R. R. Garsuch,
J. Jiang, D. Magnuson, M. Triemert, J. R. Dahn, High-Potential Redox Shuttle
for Use in Lithium-Ion Batteries, Journal of The Electrochemical Society 156
(2009) A309.

[201] Z. Zhang, L. Zhang, J. A. Schlueter, P. C. Redfern, L. Curtiss, K. Amine, Un-
derstanding the redox shuttle stability of 3,5-di-tert-butyl-1,2-dimethoxybenzene
for overcharge protection of lithium-ion batteries, Journal of Power Sources 195
(2010) 4957–4962.

[202] L. Zhang, Z. Zhang, P. C. Redfern, L. A. Curtiss, K. Amine, Molecular engineering
towards safer lithium-ion batteries: a highly stable and compatible redox shuttle
for overcharge protection, Energy & Environmental Science 5 (2012) 8204.

[203] W. Weng, Y. Tao, Z. Zhang, P. C. Redfern, L. A. Curtiss, K. Amine, Asymmetric
Form of Redox Shuttle Based on 1,4-Di-tert-butyl-2,5-dimethoxybenzene, Journal
of the Electrochemical Society 160 (2013) A1711–A1715.

[204] S. Ergun, C. F. Elliott, A. P. Kaur, S. R. Parkin, S. A. Odom, Overcharge
performance of 3,7-disubstituted N-ethylphenothiazine derivatives in lithium-ion
batteries, Chem. Commun. 50 (2014) 5339–5341.

[205] W. Weng, J. Huang, I. A. Shkrob, L. Zhang, Z. Zhang, Redox Shuttles with
Axisymmetric Scaffold for Overcharge Protection of Lithium-Ion Batteries, Ad-
vanced Energy Materials 6 (2016) 1–7.

[206] J. Zhang, I. A. Shkrob, R. S. Assary, S. Zhang, B. Hu, C. Liao, Z. Zhang,
L. Zhang, Dual overcharge protection and solid electrolyte interphase-improving
action in Li-ion cells containing a bis-annulated dialkoxyarene electrolyte additive,
Journal of Power Sources 378 (2018) 264–267.

[207] J. Huang, N. Azimi, L. Cheng, I. A. Shkrob, Z. Xue, J. Zhang, N. L. Dietz Rago,
L. A. Curtiss, K. Amine, Z. Zhang, L. Zhang, An organophosphine oxide redox
shuttle additive that delivers long-term overcharge protection for 4 V lithium-ion
batteries, J. Mater. Chem. A 3 (2015) 10710–10714.

[208] O. Leonet, L. C. Colmenares, A. Kvasha, M. Oyarbide, A. R. Mainar, T. Gloss-
mann, J. A. Blázquez, Z. Zhang, Improving the Safety of Lithium-Ion Battery via
a Redox Shuttle Additive 2,5-Di- tert -butyl-1,4-bis(2-methoxyethoxy)benzene
(DBBB), ACS Applied Materials and Interfaces (2018).



References 125

[209] S. Narayanan, S. Surampudi, A. Attia, C. Bankston, Analysis of redox additive-
based overcharge protection for rechargeable lithium batteries, Journal of the
electrochemical Society 138 (1991) 2224–2229.

[210] X. Zhu, R. Revilla, I., J. Jaguemont, N. Omar, A. Hubin, Inisghts into Cycling
Aging of LiNi0.85Co0.15Al0.05O2 Cathode Induced by Surface Inhomogeneity,
Journal of the electrochemical Society (Submitted).

[211] X. Zhu, N. R. Bheemireddy, G. Verniest, A. Hubin, Improving Cycling Stability
of Lithium-ion Battery by Balancing the Local State of Charge Inhomogeneity
Using Redox Shuttle Additives, ACS applied materials & interfaces (Under
review).





List of publications

Publications in international peer-reviewed journals

1. Zhu, X., Fernández Macía, L., Jaguemont, J., de Hoog, J., Nikolian, A., Omar, N.,
Hubin, A. Electrochemical impedance study of commercial LiNi0.80Co0.15Al0.05O12

electrodes as a function of state of charge and aging. Electrochimica Acta (2018),
287, 10–20.

2. Zhu, X.; Revilla, R., I.; Hubin, A. Direct correlation between electrode state of
charge and local surface potential measured by kelvin probe force microscope on
LiNi0.80Co0.15Al0.05O2 cathode material. Journal of physical chemistry C (2018),
122, 28556–28563.

Publications under revision in international
peer-reviewed journals

1. Zhu, X.; Revilla, R., I.; Jaguemont, J.; Omar, N.; Hubin, A. Insights into
Cycling Aging of LiNi0.80Co0.15Al0.05O2 Cathode Induced by Surface Inhomogeneity.
Journal of the Electrochemical Society

2. Zhu, X.; Bheemireddy, N., R.; Verniest, G.; Hubin, A. Improving cycling stability
of lithium-ion battery by balancing the local state of charge inhomogeneity using
redox shuttle additives. ACS Applied materials & interface



128 References

Presentations at international conferences

1. Poster presentation
Zhu, X., Fernández Macía, L., Omar, N., Hubin, A. Aging Study of Commercial
Li4Ti5O12/Li (NiCoAl) O2 Lithium Ion Batteries The 67th Annual meeting
of the International society of electrochemistry - ISE, The Hague, Netherland
(August 2016)

2. Oral presentation
Zhu, X., Van den Steen, N., Fernández Macía, L., Montoyaa, R., Omar, N.,
Deconinck, J., Hubin, A. Odd RandomPhase Electrochemical Impedance
Spectroscopy (ORP-EIS) as a Tool to Study Aging Phenomena in Lithium Ion
Batteries The 10th International Symposium on Electrochemical Impedance
Spectroscopy - ISE, A Toxa, Spain (June 2016)

3. Oral presentation
Zhu, X., Fernández Macía, L., Gopalakrishnan, R., Omar, N., Hubin, A. Advanced
Electrochemical Impedance Spectroscopy for the Aging Study of Commercial
Li Ion Batteries. The 20th Annual Meeting of the International Society of
Electrochemistry - ISE, Buenos Aires, Argentina (March 2017)

4. Oral presentation
Zhu, X.; Revilla, R., I.; Hubin, A. On the Use of Kelvin Probe Force Microscopy
for the Characterization of Lithium Ion Batteries. The 69th Annual meeting of
the International society of electrochemistry - ISE, Bologna, Italy (September
2018)



References 129

layman’s terms

LiNi0.80Co0.15Al0.05O2 (NCA), which is one of the promising Nickel-rich layered
cathode materials for lithium ion battery (LIB) system, will play a key role in the
coming vehicle electrification revolution. A comprehensive understanding of
degradation mechanisms is important to prolong the lifespan of NCA-based LIB by
optimizing its battery management system or achieving further improvements on
material aspects.

Recently, several studies revealed the inhomogeneous reactivity on composite porous
electrodes, which could lead to a uneven degradation from electrode surface
perpendicular towards current collector (through-plane). Since surface-focused
characterizations play a major role in LIB aging studies, ignoring the porous
heterogeneity can lead to deviate from actual aging scenarios resulting in spurious
conclusions. This work tackles this issue by conducting a comprehensive aging study
on the power-optimized commercial cells with thin-coated electrodes, which present
minor through-plane porous inhomogeneity. Besides, the advanced characterization
techniques are applied in this aging study to assess the aging phenomena in an
innovative way. Our findings greatly stress the crucial role of electrode inhomogeneity
playing in the cycling aging. The discussions provide valuable insights into the new
strategies of achieving better cycling life on NCA material or other type of Nickel-rich
layered cathode materials.
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