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Abstract
Li-ion batteries have entered our everyday life first as power sources for
small electronics, and recently for electric vehicles and stationary storage applications. As the requirements on the performance and lifetime
of Li-ion batteries increase and diversify, it becomes paramount to properly understand their electrochemical performance at single-electrode level, and their evolution over cycling. This is crucial for both the design
of improved electrode materials, better suited for the most recent applications, but also for accurately predicting the performance decay of
existing devices. As the component of focus, the positive electrode was
chosen, since it limits both power and energy in Li-ion batteries. Specifically, the material investigated was LiNi1/3 Mn1/3 Co1/3 O2 (NMC111), a
state-of-the-art, fully commercial electrode, as well as the precursor for Nirich LiNix Mny Co1 – x – y O2 , towards which research is very active. Starting
at Beginning of Life, NMC111 was characterized though a combination
of electrochemical techniques at varying temperatures (Constant Current
cycling, Cyclic Voltammetry, Galvanostatic Intermittent Titration Technique, and Electrochemical Impedance Spectroscopy), which were compared
and discussed in terms of electrode response and suitability. Thermodynamic and dynamic properties were obtained, and supported the design
of a semi-empirical model for predicting LIBs voltage characteristics. This
knowledge was also used to monitor the evolution of NMC111’s performance under high voltage operation, and the possibility of connecting changes
in the electrochemical response to specific ageing phenomena: this information could support the creation of physics-based predictive models.
Keywords: Li-ion battery, positive electrode, LiNi1/3 Mn1/3 Co1/3 O2 ,
electrochemical characterization, ageing, semi-empirical model.
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Sammanfattning
Litiumjonbatterier är numera en del av vår vardag och har sedan länge
använts som energilager i konsumentelektronik och har på senare år även
blivit en viktig del i elektrifierade fordon samt för stationär energilagring. När kraven på prestanda och livslängd för litiumjonbatterierna ökar
och diversifieras blir det viktigare att förstå den elektrokemiska prestandan på elektrodnivå och hur egenskaperna förändras vid cykling. Detta är
avgörande för utformning av förbättrade elektrodmaterial som är bättre
lämpade för framtida applikationer, samt också för att kunna förutsäga
batteriprestandaförlust i befintliga applikationer. Detta arbete har fokuserat på den positiva elektroden eftersom den är begränsande både gällande
effekt och energi i litiumjonbatterier. Elektrodmaterialet
LiNi1/3 Mn1/3 Co1/3 O2 (NMC111), ett kommersiell tillgängligt och ofta använt
elektrodmaterial i dagens litiumjonbatterier har undersökts i detta arbete. Detta material är föregångare till de nickelrika elektrodmaterial
(LiNix Mny Co1 – x – y O2 ) där intensiv forskning sker idag. Undersökning av
nytt NMC111-material utfördes med en kombination av tekniker vid varierande temperaturer (konstantströmcykling, cyklisk voltammetri, galvanostatisk intermittent titreringsteknik och elektrokemisk impedansspektroskopi) och resultaten jämfördes och diskuterades med avseende på elektrodrespons och lämplighet. Termodynamiska och dynamiska egenskaper
erhölls och stödde utformningen av en semi-empirisk modell för att förutsäga
spänningsegenskaper hos litiumjonbatterier. Denna kunskap användes också
för att övervaka förändringen av egenskaperna hos NMC111 vid cykling till
högre spänningsnivåer samt för att försöka sammankoppla förändringar av
elektrokemiska egenskaper till specifika åldringsfenomen: denna information kan stödja skapandet av fysikbaserade prediktiva modeller.
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Chapter 1

Introduction
1.1

Li-ion batteries (LIBs)

Batteries can be classified as primary or secondary, according to whether
their chemical reactions are reversible or not [1]. Li-ion batteries (LIBs)
are secondary energy storage devices characterized by an exceptional energyto-weight ratio [2], lack of memory effect, fast response, high power capability, long cycle lifetime, and low self-discharge rate [3]. Due to all
these advantageous properties, LIBs have been dominating the market of
portable electronics; in addition, they are the main power source in electric vehicles (EVs) [4], and help balancing the intermittency of renewable
energy sources (such as sun and wind) in the energy grid [5] [6]. In order
to fulfil the needs of these diversified applications, extensive engineering
has brought to different LIB configurations (pouch, cylindrical, or prismatic) and performances (power- or energy-optimized) through advanced
cell design, and broad electrode material development.
The different applications notwithstanding, all conventional LIBs are
based on the reversible (de)intercalation of Li+ in the positive and negative electrodes. This reaction occurs in solid-state, and since solid-state
processes are generally several orders of magnitude slower than in liquid
[7], the electrodes are considered performance-limiting components [8] [9].
The positive electrode is typically a Li metal oxide, with either a layered
or tunnelled structure. One of the first commercial positive electrodes has
been LiCoO2 (LCO), which is being replaced by less costly materials, as
1

LiMn2 O4 (LMO), LiFePO4 (LFP) and LiNix Mny Co1 – x – y O2 (NMCs), or
with higher specific capacity, as LiNi0.8 Co0.15 Al0.05 O2 (NCA) [10]. The
negative electrode is mostly graphitic carbon, which has been employed
since early prototyping of LIBs, and is still hard to replace [10]. In both
these electrodes, the intercalation of Li+ is composed by an heterogeneous
charge transfer at the electrode/electrolyte interface (Li+ + e− + M →
LiM, where M is the host electrode), accompanied by Li+ mass transfer
(i.e. solid-state diffusion) in the bulk of the material [8][11]. Limitations in
any of these steps increase the total polarization in the cell, thus decreasing its power and energy density [12]. Understanding the impact of both
charge transfer and solid-state diffusion in the total polarization already
at Beginning of Life (BOL) is a valuable input for the design of improved
electrode materials, and overall battery performance enhancement [9] [13].

1.2

Ageing in LIBs and its detection

The performance at BOL in LIBs undergoes a gradual degradation over
lifetime, both during use (cycling) and on storage (calendar ageing) [14].
This degradation, quantified by means of the State-of-Health (SOH) indicator [14], manifests itself in the form of an impedance increase (power
fade) and/or capacity fade at full cell level [15] [16]. Impedance increase
can be induced by the formation of passive films at the surface of the active
particles of both the positive and negative eletrode, due to the electrolyte’s
decomposition [16]. Another possible cause for impedance increase is the
loss of electrical contact within the porous electrode [16] due to structural
and mechanical degradation (cracking, loss of contact, and insulation) [17].
Capacity fade, on the other hand, can be caused by (i) Loss of Li+ Inventory (LLI), a degradation at cell level: Li+ is no longer available to
shuttle between the electrodes, because it has been consumed by parasitic
reactions (film formation, electrolyte decomposition, Li plating); and/or
(ii) Loss of Active Material (LAM), a degradation at the single electrodes
resulting from structural changes (phase transitions, oxygen release, or
transition metal dissolution), particle cracking or de-cohesion related to
mechanical stress during operation [14]. LAM also affects the total cell’s
performances, particularly when it leads to a different extent of capacity
fade in the two electrodes, whose half-cell voltage characteristics and rel2

ative SOC become offset due to the incomplete intercalation [18]. This
leads to stoichiometric drift, and loss of capacity at full-cell level.
This shows how the overall degradation of LIBs stems from several
ageing processes occurring at single-electrode level, which have an impact
on the full cell since they are inter-connected [14] [19]. An example of this
convoluted degradation occurs while operating LIBs at high voltage, in
order to enhance their energy density. These cycling conditions, particularly detrimental for LIBs’ cycle life, lead to the degradation of the positive
electrode and trigger the electrolyte’s decomposition, as well as the formation of an anomalous Solid Electrolyte Interface (SEI) on graphite, which
in turn leads to severe LLI at full-cell level [20]. In the meantime, the
electrolyte decomposition induces the formation of films as well as gassing
at both electrodes, and possible shuttling of the gases from one electrode
to the other [21].
Therefore, in all ageing scenarios it is necessary to first identify and
de-convolute the different ageing modes occurring at single-electrode level
[16], and then to quantify their impact on the total performance, in order
to understand the root causes behind the overall degradation. A combination of non-destructive and destructive testing is generally used for
the purpose. Non-destructive analysis, as part of the diagnostic protocol
(often called the reference performance test) performed during cycling, is
used to quantify the total cell performance, and to monitor its degradation
as a function of the cycling conditions [16]. However, post-mortem characterization (which is destructive, as it requires the disassembly of the cell) is
generally more effective for a deeper investigation at single-electrode level
[14]. Identifying the limiting electrode, and the main ageing modes active
in it, is key for understanding the degradation at full cell level (Paper
V), as well as for a correct interpretation of the electrochemical response
of aged electrodes (Paper I), and the design of better-performing LIBs
(Paper III).

1.3

Electrochemical techniques for LIBs

Investigating LIBs performance at all stages of lifetime is commonly done
by means of electrochemical techniques: a class of analytical methods in
which the system is driven away from steady-state by perturbing the cur3

rent or voltage, and the response of the other is recorded [22]. Common
electrochemical techniques are Galvanostatic (or Constant Current (CC))
cycling, Galvanostatic Intermittent Titration Technique (GITT), Cyclic
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)
[22], and they allow for (non-invasive) study of thermodynamic and dynamic properties [23]. CC cycling, GITT, and CV are time-dependent,
i.e. the rate of the measurement has to be comparable to the rate of the
phenomena investigated. EIS is frequency-dependent, since it is measured
as a function of time, but processed in the frequency domain: in this way,
several phenomena can be detected in the framework of the same experiment, even if their time constants differ of several orders of magnitude
[24]. The electrochemical techniques here considered are not concurrent
[23], i.e. they deliver different information, and are characterized by a
different level of features and detail. As a consequence, it is of importance to choose the right techniques for characterizing a certain aspect of
the cell/electrode, maximizing the amount of information extracted from
simple spectral observation. However, an overview of all these techniques
(some of which are rather underused) for the characterization of LIBs is
rarely found: this leads to loosing valuable information that might arise
from spectral comparison.

1.3.1

Galvanostatic cycling

Galvanostatic cycling consists in applying a constant current (CC) to the
battery, and reading the related voltage response. The measurement is
terminated either after a certain amount of time (charge) has passed, or
when a certain voltage has been reached [25]. A plot of voltage vs. capacity (time) is thus obtained, often denoted as the voltage characteristic.
The length of the curve represents the accessible capacity (of a full-cell,
or of a single electrode) under certain testing conditions [23] [25]. Voltage
characteristics contain both thermodynamic and kinetic contributions [25].
Consequently, the shape of the curve is determined by several factors, including a) the chemistry and crystallographic structure of the electrode(s)
[23]; b) the current applied (often referred to in terms of C-rate, i.e. the
working capacity of the electrode, divided by the desired amount of time
for a full (dis)charge), and c) the cycling history of the device [25]. For
such reasons, CC cycling is commonly used:
4

• as the first experiment performed on a novel electrode material [25];
• for setting up (standard) cycling protocols mimicking real-life usage
of LIBs [23];
• for characterizing (aged) cells and electrodes.
However, the separation of thermodynamic and kinetic responses in voltage characteristics is not straightforward [25], even at slow C-rates (where
the polarization is minimized [23]), unless a model is used. Furthermore,
voltage characteristics are rather featureless, and small voltage variations
(as those induced by a change in the electrode’s properties, or stoichiometric drift in the full cell) are difficult to visualize, unless amplified through
differentiation [23] [25]. Two common differential methods are the Incremental Capacity Analysis (ICA, also known as dQ/dV) and the Differential Voltage Analysis (DVA, also known as dV/dQ). Both ICA and
DVA possess a higher sensitivity than a conventional voltage characteristic [26] [27], and don’t require additional measurements. However, a
post-processing of the experimental signal is required, involving both the
differentiation and noise cleaning, by which these techniques are severely
affected [23] [25].

1.3.2

Galvanostatic Intermittent Titration Technique
(GITT)

GITT consists in applying a series of CC pulses, each followed by a relaxation (in which no current passes through the cell) long enough for
the electrodes to reach their equilibrium potential [25]: the corresponding voltage response is registered. The cell potential varies proportionally
to the ohmic drop, the charge transfer resistance, and the concentration
gradient in the electrolyte and solid phase [23]. A typical GITT measurement is performed on single electrodes [23], and it allows to retrieve both
their thermodynamic and kinetic parameters [28] in the framework of a
single measurement [25]. In particular, GITT measurements are mostly
known for providing solid-state diffusion coefficients [29] and equilibrium
potential of LIBs electrodes [23].
As far as solid-state diffusion coefficients are concerned, although their
extraction can be done analytically from GITT curves, the underlying
5

theory implies several assumptions, which do not always hold valid for
LIB electrodes: among others, a dense planar electrode, uniform current distribution, and a constant diffusion coefficient across the current
pulse. Therefore, obtaining the diffusion coefficients through this route
might lead to inaccurate results [30]. On the other hand, GITT measurements are considered among the most accurate for quantifying the
equilibrium potential at different degrees of lithiation, since kinetic contributions are removed during relaxation [23]. Plotting the equilibrium
potential as a function of capacity allows to build an equilibrium curve,
which is paramount in Battery Management Systems (BMS) for the estimation of State of Charge (SOC) [27]. All active electrode materials have
different equilibrium curves, due to their different chemical composition
and/or crystallographic structure [23]. In general, a flat plateau represents a two-phase reaction (constant chemical potential), while a sloping
behaviour (changing chemical potential) indicates a change in the solid
solution concentration [25]. For some electrode materials, a thermodynamic hysteresis between charge and discharge might arise, due to the
co-existence of several equilibria at the same SOC [27], or the occurrence
of apparent equilibria caused by the presence of phase boundaries [31].

1.3.3

Cyclic Voltammetry (CV)

CV is performed by applying a linear potential scan on the working electrode, and the current response is recorded [32]; by varying the scan rate,
the time scale of the processes under study can be explored [33]. As
such, it is a technique mostly suitable for single electrodes, since only
the response of the working electrode is recorded [32]. In other electrochemical systems than LIBs, CV is considered one of the most effective
techniques for the direct investigation of reaction mechanisms, as it can
be used for identifying the limiting reaction steps, quantifying the number of exchanged electrons, the equilibrium potential of the reaction, and
its reversibility [32] [33]. When employed for the characterization of LIB
electrodes, the voltammograms resemble ICA plots [7], although the information contained in them differs: firstly, these two measurements are
performed at different rates (very slow for ICA, and variable for CV), and
secondly, CV is characterized by a varying C-rate across the scan, since
the current (which in this case is the dependent variable) is not constant
6

[7].
Performing CV on LIBs electrodes allows to identify the redox species
involved, as well as the particle size and crystalline properties of the material [33]; however, CV is possibly the most underused technique among
those here considered, one of the reasons being the difficult interpretation
of the voltammograms. CV of intercalating materials implies that the
invariant bulk concentration approximation [34] at the core of CV mathematical description [35] cannot be fulfilled. A direct consequence is that
classical CV analysis tools, as Randles-Sevcik equation (for extraction of
diffusion coefficients) and the reversibility criteria [35], do not hold their
validity. Although different mathematical descriptions of the voltammograms of LIB electrodes have been proposed [36] [9] [34], they mostly
apply for limiting cases, i.e. experiments either fully in kinetic or diffusive
control; these conditions can be obtained experimentally only by means
of tailor-made electrodes [36] [34], which strongly differ from commercial
formulations.

1.3.4

Electrochemical Impedance Spectroscopy (EIS)

EIS is a relatively specialized, but widely applied technique for characterizing LIBs [23][37]. The measurements are performed by applying a small
sinusoidal Alternate Current (AC) voltage perturbation (with varying frequency) on top of the controlled Direct Current (DC) voltage (usually at
equilibrium). In this case, the current response is recorded (potentiostatic
EIS) [23] [25]; alternatively, a sinusoidal current may be applied, and the
subsequent potential response measured (galvanostatic EIS). In an ideal
case, both yield to the same result [23]. EIS can be performed both at fullcell level, and on single electrodes; performing both allows to understand
the single electrode’s contributions to the total cell impedance, since this
variable is additive [10].
EIS enables both the qualitative and quantitative analysis of electron
transport, reaction rate and mechanisms, intercalation processes, mass
transport and electrode structure [38] [39]. For such reason, it can be used
to determine the limiting factors in an electrode’s performance [40]. This
supports the diagnostic of failure mechanisms (since impedance growth
is strongly associated with SOH) [20] and the prediction of LIBs lifetime
(since impedance changes over lifetime, and it is influenced by the previ7

ous history) [39] [40]. Among various ways to present the results of EIS
measurements, the so-called Nyquist plot is commonly used [25], where
the real and imaginary contribution to the total impedance are displayed
on separate axes. This plot contains information about the charge transfer and diffusion, as well as the (possible) presence of insulating layers
[41]. Although EIS is dense in information about the system, its quantitative analysis relies on fitting a model to the data, in order to extract
thermodynamic, transport, and/or kinetic parameters [39]. In addition,
even the qualitative analysis of the spectra might be complicated, since
LIB electrodes are porous materials characterized by several overlapping
charge-transfer processes due to their large, inhomogeneous surface area
[23].
Finally, for an EIS measurement to be representative of the system
considered, the conditions of causality, linearity and stationarity have to be
met [41]. Causality is met if the impedance response stems only from the
applied signal and the experimental noise; linearity implies a linear relation
between voltage and current, normally met by applying a small-amplitude
perturbation. Finally, stationarity is met if the response of the system is
invariant during the entire measurement, i.e. if the Open Circuit Potential
(OCP) remains constant during the experiment [42]. Among the different
methods to assess the fulfilment of these conditions, Odd Random Phase
(ORP) EIS is able to measure and quantify the level of the disturbing
noise, of the non-linear distortions, and of the non-stationary behaviour
in the framework of the same experiment. A more detailed explanation of
the technique can be found in Breugelmans et al. [24].

1.4

Modelling

The electrochemical response of LIBs (and of LIB electrodes in particular) to the different perturbations applied provides information about their
thermodynamic and kinetic properties. However, it might be difficult to
separate these two contributions, or to perform a direct quantification
of physically-meaningful parameters, unless models are developed to fit
them: in such case, parametrization can be performed, i.e. the quantification of thermodynamic and dynamic parameters from experimental data.
The knowledge of these parameters deepens the understanding of LIBs’
8

electrochemical response, supporting the development of predictive models
for estimating status figures (as SOC and SOH), and ultimately predicting
LIBs’ performances at different stages of lifetime. Four different classes of
models can be found in the literature for LIBs:
1. empirical models, as mathematical equations and equivalent circuit
models (ECMs);
2. electrochemical models, as the pseudo 2 dimensional (P2D) model
[43], and the single particle model;
3. multi-physics models, i.e. models including both the electrochemical response, and the impact of external variables (most commonly,
temperature);
4. molecular and atomistic models [2].
Each modelling approach has its advantages and drawbacks. For example, increasing the level of detail brings to a higher computational cost [2],
as in the case of multi-physics, molecular and physics-based models [44].
Physics-based models are computationally heavy, due to the need of solving differential equations [45]; in addition, they require a high number of
input parameters, to be obtained through a complex and time-consuming
parametrization [46]. Nevertheless, these approaches are characterized by
a high accuracy [47], and the extracted parameters hold a physical meaning, thus a more general validity. For example, physics-based modelling
approaches allow to quantify the exchange current density i0 , and Li+
solid-state effective diffusion coefficient1 Ds,eff , both material-dependent
parameters that can provide insight into the limiting factors of an electrode’s performance. On the other hand, a good fitting of the experimental
results can be achieved only by knowing the undergoing mechanisms at
different stages of LIBs’ lifetime [48] [49], an information not always viable, due to the already-discussed complexity and inter-relation of ageing
phenomena [50].
Conversely, empirical models allow for very fast computation [2], and
require a low number of input parameters. This makes them relevant in
1

The effective diffusion coefficient (also referred to as the apparent diffusion coefficient) in a solid polycrystalline material is thus called, since it is a weighted average of
the grain boundary diffusion coefficient and the lattice diffusion coefficient.
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industrial field, thanks to their easy implementation into the modelling
of larger systems (as energy grids), or the possibility of performing realtime predictions (as on-board of EVs). However, the empirical character
of these approaches makes them poor descriptive models: in ECMs, the
impact of several variables is often underestimated (particularly SOC) [51],
while the fitting parameters in low-order algebraic equations (as Shepherd,
Unnewehr universal and Nernst models [52]) cannot be connected directly
to specific processes occurring in the battery. Semi-empirical models are
an in-between solution, with the computational efficiency of an empirical
approach (thus easily implementable in the description of larger systems),
and the added value of providing physically-meaningful information about
the processes in the battery.

1.5

LiNi1/3 Mn1/3 Co1/3 O2 (NMC111)

In the previous Sections, it has been discussed how the total cell behaviour
in LIBs is strongly determined by the performance of the single electrodes.
Therefore, for a better understanding of the electrochemical behaviour of
LIBs across their lifetime, the characterization (both experimental, and
model-based) should start at single electrode level. When selecting which
electrode to consider, the positive one is of particular interest, since it
is the source of cyclable Li+ in LIBs, thus limiting their capacity [12].
Among the layered oxide positive materials, research is particularly active
on NMCs, isostructural modifications of LCO with improved performance
and stability, as well as reduced cost [53]. In these materials, the Li+
content (1 - xLi+ ) (with xLi+ representing the fraction of vacant sites
[43]) determines the capacity provided during Li+ (de)insertion, and in
Paper IV it is linked directly to State-of-Charge (SOC).
Among NMCs, LiNi1/3 Mn1/3 Co1/3 O2 (NMC111) has established itself
over LCO in several applications, and it is now broadly commercialized
[54]. NMC111 is a layered compound, with space group R-3m and overall
hexagonal symmetry [55]. It displays no bulk phase change in its standard
operating voltage window, which is between +3.6 V and +4.1 V vs. Li
(corresponding to 1 < (1- xLi+ ) < 0.4). On the other hand, while the bulk
remains unchanged, a few nm-thick surface reduced layer with rock-salt
phase is formed [56] [57] during the very first cycle, in the instant the ma10

terial is put in contact with the electrolyte [58], and/or a polarization is
applied [11]. An irreversible bulk phase transition to rock-salt is observed
only near complete de-lithiation, which is rarely reached, since it corresponds to ∼ +5 V, +5.2 V vs. Li [53]. The absence of phase transitions
nonetheless, NMC111’s crystal lattice adjusts during cycling to accommodate Li+ , with a simultaneous expansion along the c axis and contraction
along a denoted as lattice breathing [59], and leading to an almost null
volume change [54]. This ”breathing” of NMC111 obeys Vegard’s empirical law for 1≤ (1 - xLi+ ) ≤ 0.5, indicating that the material behaves as
an ideal solid solution [54]. The ”breathing” is caused by the change in
oxidation state and ionic radius of the redox couples in the lattice frame,
which electronically compensate the (de)insertion of Li+ . It is generally
agreed that Ni2+ /Ni4+ has a dominant role in the charge compensation,
while Mn is electrochemically inert, and the role of Co is still debated [60]
[61]. Since the Ni2+ /Ni4+ couple provides the major reversible capacity
in NMCs [62], much effort has been put in progressively increasing the Ni
fraction, thus creating Ni-rich NMCs (Ni > 0.6 [53]). The Ni enrichment
allows the cycling of these materials at higher cut-off voltages (≥ +4.6
V vs. Li) than NMC111, resulting in the extraction of a higher capacity [63]; however, it also causes serious capacity degradation upon cycling
[59] [62]. A better understanding of the electrochemical performance of
Ni-rich NMCs is thus needed, and since the majority of NMCs display
similar structural [53] and electrochemical behaviour [64], the knowledge
acquired on NMC111 can be transferred to other materials of the same
class, thus helping to further their development.
As far as NMC111 electrochemical behaviour is concerned, a high number of publications involving its (electro)chemical characterization can be
found in the literature. The equilibrium potential response is of particular interest, since it contains information about NMC111’s thermodynamic
properties. The CC curves of NMC111 are widely established, and known
to be rather featureless; detailed studies about the distribution of polarization in these curves have been performed [12], with a particular focus in
Kasnatscheew et al. [65] on the very first cycle of pristine NMC111. On the
other hand, CV curves are rarely included into testing protocols for LIB
materials, and when done, barely commented upon [66]. Only recently,
the voltammetric response of NMC111 have been specifically addressed in
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Vassiliev et al. [9] and Palagonia et al. [7], specifically focussing on the
development of physics-based models for describing it. As far as GITT is
concerned, several papers focus on the quantification of Li+ solid-state diffusion coefficients through analytical or model-based approaches [67] [68]
[69] [70]. Several reports of EIS for NMC111 are also available, particularly
in the framework of ageing studies; however, it is generally uncommon to
find EIS spectra reported for more than a single SOC [8] [40]. In addition,
the impact of temperature on the electrochemical response of NMC111
is rarely considered. As a result, a somewhat incomplete electrochemical
characterization of NMC111 emerges from the literature, where specific
techniques are neglected, or the impact of relevant variables (temperature
above all) is not considered. In addition, when it comes to the characterization of NMC111, although these techniques can be found in separate
publications, they are rarely collected and discussed in the framework of
the same study. Consequently, a comparison in terms of their advantages
and limitations, and the possible information that can be extracted from
them, is missing. This would allow to better understand NMC111’s thermodynamic and dynamic behaviour at BOL, as well as its evolution after
prolonged cycling.
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Chapter 2

Scope of the thesis
The scope of the present thesis is the electrochemical analysis of LIBs
at single-electrode level, with a focus on the comparison and discussion
of four standard techniques (CC cycling, GITT, CV and EIS) to quantify and distinguish electrode dynamics. The component of choice is the
positive electrode, with a specific focus on NMC111, a state-of-the-art
commercial electrode. Firstly, a detailed characterization of NMC111 at
BOL is performed, with the purpose of extracting both qualitative and
quantitative information about its thermodynamic and kinetic properties
(Paper I and II). The information learned on NMC111 at BOL are used to
develop a semi-empirical model for predicting CC voltage curves of LIBs,
which is demonstrated to successfully apply to commercial LIBs with different layered oxide materials (Paper IV). The characterization at BOL
sets a baseline for comparison with NMC111 aged under high voltage operation, a cycling protocol designed for enhancing the energy density of
LIBs, but also associated with pronounced degradation (Paper III). The
use of different characterization techniques at EOL gives the opportunity
to discuss which information can be obtained, how can they be connected
to different ageing modes, and ultimately, which method is to be preferred
for addressing a specific phenomenon (Paper I).
Cycling LIBs at high voltage can increase the driving range of EVs,
or decrease their costs. This would favour their large-scale diffusion, thus
reducing the emissions from the personal transport sector: as such, it
addresses the UN goal 13, Climate Action. The design of a semi-empirical
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model to be included in the design of larger systems supports a higher
inclusion of renewable energy sources in the energy grid, thus contributing
to the UN goal 7, Affordable and Clean Energy. A larger inclusion of
renewable energy sources in the electricity production also implies the
reduction of CO2 emissions in a particularly impactful sectors: as such,
this also covers the UN goal 13, Climate Action.
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Chapter 3

Experimental
3.1

Set-up

LIBs characterization can be performed at full-cell, or at single-electrode
level. Full-cell characterization was performed either in commercial 18650
cells (cylindrical), or in lab-scaled pouch cells. Testing cylindrical cells
provide findings directly applicable to commercial batteries; however, they
are characterized by added complexity, due to the wound geometry generating inhomogeneity in current and temperature across the jelly roll [71].
For this reason, lab-scaled pouch cells in full-cell configuration
(NMC111/graphite) are of interest, since they remove the geometric factor, thus strongly simplifying the modelling of the system, and allowing
to better target specific phenomena.
For the characterization at single-electrode level, lab-scaled pouch cells
are the set-up of choice, with different configurations: half-cells (electrode
of interest/Li), and 3-electrode cells. With the introduction of a pseudo
reference electrode [72], 3-electrode cells remove the polarization contribution of the counter electrode of choice. For this reason, they are normally
more accurate, but also more complex to handle, as the pseudo reference
electrode is very sensitive towards design [73] and experimental conditions
[72], particularly during prolonged cycling. On the other hand, half-cells
are easier to handle, but their electrochemical response might contain
artefacts introduced by the polarization of the counter electrode. An additional configuration was used for EIS measurements, for distinguishing
15

between the contribution of positive and negative electrodes: symmetric
cells [74]. They were assembled using identical electrodes, in an arrangement with limited supply of Li+ to be transferred between them [75].

3.2

Materials

In the present work, NMC111 was the material of choice. The datasets in
Paper IV and the commercial cells in Paper V contained different layered
oxide positive electrodes (NCA, NMCs, LCO), to investigate the transferability of the findings on NMC111 to other materials of the same class.
When working in lab-based pouch cells, NMC111 was either purchased
as dry electrode (from Electrodes and More) and used as received, or
harvested from commercial prismatic cells (40 A h). The purchased electrode, denoted as (A), was characterized by a capacity of 1.49 mA h cm−2
(measured at C/20 between +2.7 V and +4.4 V vs. Li). The electrode
harvested from commercial cells, denoted as (B), was characterized by a
capacity of 3.25 mA h cm−2 (measured at C/60 between +2.7 V and +4.6
V vs. Li). In these cells, the electrolyte of choice was BASF LP40 (1
M LiPF6 in ethylene carbonate: diethylene carbonate, 1:1 wt%), without
any additive.

3.3

Electrochemical testing

The electrochemical techniques mentioned in the Introduction (CC cycling, GITT/OCP, EIS and CV) were used for characterizing NMC111 at
different stages of lifetime. In addition, CC and EIS were also used on
full-cells in the framework of the reference performance test of commercial
LIBs in Paper IV and V. During BOL characterization, these techniques
were performed at three different temperatures (10, 25 and 40 ◦C), while
25 ◦C was the temperature of choice for all post mortem characterization.

3.3.1

CC cycling

CC cycling has a crucial role in LIBs ageing studies, as it is involved in all
the steps of testing. Specifically, it is used for a) developing most cycling
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protocols, b) in the framework of the reference performance test across
cycling, and c) for BOL and post mortem analysis.
a) In order to address the ageing of LIBs for a specific application, it
is crucial to design a testing protocol representative of the desired
usage. The cycling protocols can be simplified, or more complex,
with the purpose of mimicking electric drives, or stationary storage
loads. A simplified protocol is proposed for targeting high voltage
operation, which increases the energy density of LIBs, and is thus
relevant for EVs (increased driving range). The commercial LIBs in
Paper IV are tested under several standardized protocols for EVs1 .
On the other hand, the testing of stationary LIBs is less defined
[76]: for this reason, a testing protocol is proposed in Paper V, for
mimicking the operation of off-grid, PhotoVoltaic (PV)-connected
LIBs.
b) When performed at slow C-rate (C/20 in Paper V, C/60 in Paper
IV) in the framework of the reference performance test, CC cycling
allows to quantify the actual capacity loss at full-cell level, and to
build the capacity fade vs. time/cycle number plot. These plots are
vital for estimating SOH at cell level, and to indicate when a cell
has reached its EOL criterion.
c) CC at BOL is the first measurement performed to characterize a
new material. In case of pristine NMC111, this procedure allows to
study its formation. In Paper I, an additional Constant Potential
(CP) ”recovery” step of variable duration was added at the end of
the very first discharge, as suggested in [65], to address the characteristic Capacity Loss (CL). In Paper III, during post mortem, slow
rates were used for quantifying the actual residual capacity in each
electrode.
1

Some examples are the Dynamic Stress Test (DST) and the Federal Urban Driving
Schedule (FUDS) from the United Sates Advanced Battery Consortium (USABC), and
ECE-15 from the United Nations Economic Commission for Europe.
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3.3.2

GITT and equilibrium potential curves

GITT measurements were performed by alternating C/20 and C/10 pulses,
with variable rest time (3 and 2 h respectively) in-between. At BOL, the
pulses were performed only in the charging direction, while at EOL in both
charge and discharge (starting from the latter). Only the pulses at C/20
and relative relaxation were used to build the equilibrium curves, which
were then aligned with CC curves (assuming symmetric overpotential between charge and discharge [12]), and differentiated (ICA) for comparison
with CV.

3.3.3

EIS

EIS was performed galvanostatically with a reduced frequency interval at
50% SOC on the cylindrical cells, in the framework of the reference performance test. Galvanostatic EIS is recommended for LIBs with small
internal resistance, to minimize the risk of damage during the measurement2 . Potentiostatic EIS with a broader frequency interval was used on
pouch cells of any configuration instead. At BOL, the impact of temperature and of different SOC was considered, the latter also by means of
ORP-EIS, to confirm the reliability of the measurements.

3.3.4

CV

CV was generally performed at slow scan rates (0.01 mV s−1 ): since the
measurements were performed in half-cells (i.e. without a reference electrode), the slow rate helped minimizing the possible artifacts stemming
from the counter/reference electrode. Due to the slow rate chosen, no
ohmic drop correction was performed, as negligible on the total voltage
(based on the ohmic resistance measured through EIS). The scan rate was
increased only for the purpose of Randall-Sevcik analysis at BOL. Also at
BOL, different temperatures were investigated, as well as the formation of
pristine NMC111 by means of a CP ”recovery” procedure mimicking the
one for CC cycling.
2

https://www.gamry.com/application-notes/EIS/eis-measurement-of-a-verylow-impedance-lithium-ion-battery/ https://www.gamry.com/application-notes/
EIS/eis-potentiostatic-galvanostatic-mode
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3.4

Semi-empirical model

The model proposed in Paper IV was formulated as follows:
E = E0 + IRohm + ηkin + ηdiff

(3.1)

with E0 being the steady-state voltage (in V), IRohm the ohmic drop
(in A Ω = V), ηkin the overpotential towards charge transfer (in V), and
ηdiff the overpotential towards mass limitation (also in V). The separated
mathematical equations for each term of Equation 3.1 were the following:
• Steady-state voltage, E0 :




RT
Qnom − Q(t)
Q(t)
E0 = V0 +
log
+ J 0.5 −
F
Qnom
Qnom

(3.2)

being V0 the OCP value provided by the manufacturer
R (in V), Qnom
the nominal capacity of the cell (in Ah), and Q(t) = It the actual
battery capacity (also in Ah). Equation 3.2 describes the OCP - SOC
relation in terms of Frumkin isotherm, i.e. a gas lattice isotherm
modified to take into account the lateral Li+ - Li+ interactions in
the crystal lattice [77] [78]. J is the interaction parameter (dimensionless), and it is strongly impacted by the presence (or absence) of
phase change(s) in the materials considered [77].
• Kinetic overpotential, ηkin :

ηkin =

RT 

0.5F


I

Kkin



Q(t)
Qnom



Qnom −Q(t)
Qnom


0.5 

(3.3)

Equation 3.3 describes the charge transfer overpotential through a
linearised Butler-Volmer equation. Kkin (in Ω) is a lumped parameter, called kinetic resistance, which represents the hindrance towards
charge transfer.
• Diffusive overpotential, ηdiff :


RT
Qnom (Q(t)/Qnom )0.5
IKdiff
ηdiff =
F
Qnom − Q(t)
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(3.4)

Equation 3.4 describes the overpotential towards mass transfer as an
(approximated) semi-infinite linear diffusion in a current-controlled
experiment, with quasi-reversible one-electron process [35]. The approximation taken consists in using an average Li+ concentration
instead of separate bulk and surface Li+ concentrations, which are
hard to quantify experimentally. Kdiff (in Ω) is a lumped parameter,
called diffusive resistance, which represents the hindrance towards
mass transport.
Kkin and Kdiff together represents the internal resistance of the battery,
divided into its kinetic and diffusive contributions. This is due to the fact
that the internal resistance is actually an impedance (Z(Im) 6= 0) in the
mid-low frequency range (∼ 1 Hz) [40], thus positioned in a region of mixed
kinetic control where both charge transfer (occurring in the mid frequency
range) and mass limitations (occurring in the low frequency interval) are
influential [79].
The evolution of the fitting parameters J, Kkin and Kdiff is assumed
to capture LIBs performance over cycling, without the need of additional
terms describing specific degradation phenomena.
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Chapter 4

Results and Discussion
4.1
4.1.1

Electrochemical characterization of NMC111
Characterization at BOL

Galvanostatic cycling

E / V (vs. Li/Li+ )

4
CL
1st
ds

3.5

10 ◦C 1st cycle
10 ◦C 2nd cycle
25 ◦C 1st cycle
25 ◦C 2nd cycle
40 ◦C 1st cycle
40 ◦C 2nd cycle

3

0

50
Capacity /

100

150

−1
mA h gNMC111

Figure 4.1: First and second CC cycles (∼ C/7) of pristine NMC111 (A,
10 mm )/Li cells, cycled between +2.7 V and +4.1 V vs. Li at 10, 25
and 40 ◦C. The CL at the end of the first discharge is marked.
The voltage characteristics of NMC111, recorded at slow C-rate (∼
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C/7), are reported in Figure 4.1 for different temperatures. In all cycles,
the curves are characterized by a sloped behaviour, with a change in slope
at around +3.85 V vs. Li. Only between the first and second cycle,
a temperature-dependent CL occurs at the end of the first discharge; a
significant portion of it can be retrieved in the next cycle by means of a
CP ”recovery” procedure, as depicted in Figure 4.2. However, as shown
4.4

CR from
1st ds CP

E / V (vs. Li/Li+ )

4.0

3.6
1st
2nd (no rec.)
2nd (6 h rec.)
2nd (24 h rec.)
2nd (48 h rec.)
2nd (96 h rec.)

3.2

2.8
0

20

40

60

80 100 120 140 160 180 200

−1
Capacity / mA h gNMC111

Figure 4.2: First and second CC cycles (∼ C/7) of pristine NMC111 (A,
10 mm )/Li between +2.7 V and +4.3 V vs. Li at 25 ◦C, without and
with the CP ”recovery” step (at +2.7 V vs. Li, and variable duration:, 6,
24, 48 and 96 h) at the end of the first discharge. The Capacity Recovery
(CR) during the CP ”recovery” step is visible at the end of the second
charge.
in Table 4.1, this recovered CL is newly lost unless a CP ”recovery” step
is performed at the end of every discharge, a procedure not feasible in
practical applications.
The causes behind the sloped voltage profile in all CC curves in Figure
4.1, as well as the CL displayed during formation, could be better understood by de-coupling the electrochemical response into its thermodynamic
and dynamic contributions.

22

−1
Table 4.1: Capacity (in mA h gNMC111
) delivered by NMC111 (A, 10 mm
)/Li cells at the end of the first three CC cycles (charge and discharge),
without and with CP ”recovery” step (6 and 96 h).

no CP
6 h CP
96 h CP

1st ch
180
179.1
180.9

1st ds
162
159.4
161.3

2nd ch
162
172.3
179.3

2nd ds
162
159.2
161.1

3rd ch
160.7
162.4

3rd ds
159.1
160.7

Equilibrium voltage and GITT curves
The thermodynamic and dynamic contributions in Figure 4.1 can be visually separated by comparison with the steady-state response of NMC111,
i.e. its experimental equilibrium curves (Paper I). These curves, shown in
Figure 4.3, are characterized by the absence of thermodynamic hysteresis, and virtually no temperature dependency. The lack of temperature
dependency is explained knowing that the steady-state voltage E0 can be
expressed as:
∆r G
∆r H
T ∆r S
E0 = −
=−
+
(4.1)
F
F
F
where ∆r G, ∆r H and ∆r S are the Gibbs free energy, entropy and enthalpy
of the considered reaction (Li+ intercalation in the present case). The
temperature dependency of ∆r G in Equation 4.1 is dominated by the
T ∆r S term, which means that in Figure 4.3 ∆r S assumes small values for
NMC111 in the temperature interval considered; this is in agreement with
what reported in Viswanathan et al. [83].
Similarly to Figure 4.1, a change in slope around +3.85 V vs. Li is
observed in Figure 4.3, matching several structural and electronic transitions at the crystal level reported in the literature for pure NMC111:
specifically,
• the change in charge-compensating couple from Ni2+ /Ni3+ to
Ni3+ /Ni4+ [60];

• the sudden increase in the electronic conductivity of pure NMC111
(which is a semiconducting material) [80] caused by the narrowing
of the HOMO-LUMO gap [60];
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10 ◦C discharge
10 ◦C charge
25 ◦C discharge
25 ◦C charge
40 ◦C discharge
40 ◦C charge
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E / V (vs. Li/Li+ )
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0.3
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Figure 4.3: Equilibrium voltage curves of NMC111 (A, 10 mm )/Li cells
between +3.6 V and +4.3 V vs. Li at 10, 25 and 40 ◦C. (1 - xLi+ ) is
calculated from the measured capacity, with (1 - xLi+ ) = 0 corresponding
−1
).
to the maximum theoretical capacity of NMC111 (278 mA h gNMC111
The structural and electronic properties of NMC111 are obtained from
[54] [60] [80] [81] [82].
• the need of two different hexagonal cells (H1 and H2) to describe
the crystal lattice [81];
• a change in Li+ diffusive pathway inside the crystal slab, specifically
from Oxygen Dumbbell Hopping (ODH) to Tetrahedral Site Hopping
(TSH) [82].
By aligning the equilibrium voltage and CC curves in Figure 4.4, it is
now clarified that the double-slope behaviour stems from thermodynamic
properties, while the (load-induced) hysteresis and the temperature dependency are related to kinetic. Kinetic behaviour is indeed described by
Arrhenius relation, which relates the activation energy (EA ) to the rate of
the process (r) [84]:


EA
r = A exp −
(4.2)
RT
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This relation implies that the higher the temperature, the higher the rate
of the kinetic processes, thus the lower the polarization. This explains why
the highest capacity in Figure 4.1 is delivered at the highest temperature;
additionally, it indicates that the CL in Figure 4.1 is kinetic in nature, in
agreement with Kasnatscheew et al. [65]: specifically, a hindered, but still
possible re-lithiation at high Depth of Discharge (DOD).

E / V (vs. Li/Li+ )

4

3.5
10 ◦C CC
10 ◦C OCP
25 ◦C CC
25 ◦C OCP
40 ◦C CC
40 ◦C OCP

3

0

20

40

60

80

100

120

140

160

180

−1
Capacity / mA h gNMC111

Figure 4.4: CC curves from Figure 4.1 (2nd cycle), aligned with the equilibrium voltage curves in Figure 4.3.
From Figure 4.4 alone, it is not possible to further separate the kinetic
contribution into charge transfer and diffusion, unless a model is used.
More suited experimental techniques are available for such purpose, one
of them being the GITT measurements used for building the equilibrium
curves in Figure 4.3. Since GITT measurement are characterized by alternated polarized and non-polarized phases, the relaxation contains purely
the diffusive behaviour of the material of choice. In Figure 4.5, the highest polarization can be observed at 10 ◦C during the polarized steps, as
well as the slowest relaxation during the rest phases, in agreement with
Equation 4.2. The curves in Figure 4.5 also reveal a decrease in relaxation rate above +3.85 V vs. Li at all temperatures, at the point that
the equilibrium voltage is not reached even after 3 h of rest (Papers I and
II). When the curves in Figure 4.5 are described by means of the standard
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Figure 4.5: GITT curves of NMC111 (A, 10 mm )/Li cells performed
between +3.6 V and +4.05 V vs. Li at 10, 25 and 40 ◦C. A comparison
between low voltage (+3.73 V vs. Li, continuous line) and high voltage
(+3.92 V vs. Li, dashed line) pulses is performed for the three temperatures. For such purpose, a normalization on voltage is performed, with
E0 being the OCP at the end of the precedent relaxation.
P2D model, the slow relaxation at high voltage cannot be captured, unless
by extending the model with the addition of diffusion-coupled mechanical stress on the particle surface. The fitting of Figure 4.5 by means of
the extended P2D model allows to extract parameters as the kinetic rate
constant k 1 , and Li+ effective solid-state diffusion coefficient Ds,eff . Both
these parameters strongly depend on (1 - xLi+ ), displaying in Figure 4.6 a
variation of several orders of magnitude in the voltage window considered.
Secondly, these two parameters have opposite trends, with k increasing
at higher voltages (faster charge transfer), and Ds,eff decreasing (slower
1

The kinetic rate constant is directly connected to the exchange current density i0 ,
according to:
a αc
i0 = F kaαa kcαc cα
(4.3)
a cc
where α is the barrier factor, kc represents the kinetic rate constant for the cathodic
reaction, ka for the anodic reaction, ca and cc the concentrations of oxidized and reduced
species [85].
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Figure 4.6: a) Kinetic rate constant (k) and b) Li+ solid-state effective
diffusion coefficient (Ds,eff ) obtained from the fitting of the GITT curves
in Figure 4.5, by means of the modified P2D model proposed in Paper II.
solid-state diffusion).
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Figure 4.7: Bode modulus of NMC111 (A, 18 mm )/Li 3-electrode cells
at 25 ◦C and variable voltage (+3.745 V, +3.945 V and +4.096 V vs.
Li), with the calculated noise, noise + non-stationarity, and noise + nonlinearity curves from ORP-EIS measurements.
EIS also allows to separate the kinetic contribution into charge transfer and diffusion. The reliability of EIS measurements at different SOC
is firstly assessed by means of ORP-EIS in Figure 4.7, where the Bode
modulus diagram is compared with the noise, non-stationarity and nonlinearity levels. A similar noise is registered at all voltages, indicating
a similar experimental error at all SOC considered. The noise increases
at the lowest frequencies, but an acceptable signal-to-noise ratio is still
maintained, since the noise is two orders of magnitude lower than the
corresponding Bode modulus. The non-stationarity (quantified as the difference between the noise and the noise + non-stationarity curves in Figure
4.7) displays an overall increase between 1 kHz and 1 Hz, which in Zhu
et al. [86] has been associated with the occurrence of the charge transfer, due to either the highly active electrode surface, or the solid-state
behaviour of the electrode material. In any case, the non-stationarity
level also remains considerably lower than the Bode modulus. Finally,
the non-linearity curve is parallel to the non-stationarity one, possibly an
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Figure 4.8: a) Nyquist plot of NMC111 (B, 18 mm )/Li 3-electrode cells
at 25 ◦C, and variable OCP (+3.75 V, +3.8 V, +3.85 V, +3.9 V, +4.0 V,
+4.1 V, and +4.2 V vs. Li); b) Corresponding -Im(Z) vs. frequency plot.
artefact from the non-stationarity (associated with the applied algorithm
for quantification of the distortions) [42]. The results obtained from the
ORP-EIS measurements in Figure 4.7 indicate that the EIS measurements
of NMC111 at BOL and different SOC fulfil the criteria of causality, linearity and stationarity, and can hence be considered for further analysis.
The corresponding Nyquist and -Im(Z) vs. frequency plots are reported in Figure 4.8. The impedance response of NMC111 is generally
characterized by one (or more) large semicircle in the mid-frequency region (1 kHz - 1Hz), followed by a straight tail at low frequencies (< 1 Hz).
The mid-frequency semicircle is generally associated with charge-transfer
phenomena, with the frequency at which its local maximum occurs (fmax ,
or the corresponding time constant τ = (2πfmax )−1 ) defining the rate of
the process [40]. The low frequency tail, on the other hand, is associated
with (Warburg-type) diffusion, both in liquid and in solid state [41]. In
Figure 4.8a, the charge-transfer semicircle is strongly affected in terms
of height, diameter, and positioning. Specifically, the spectrum at the
lowest SOC (+ 3.75 V vs. Li) is characterized by the lowest time constant. This indicates that NMC111 displays the slowest charge transfer at
low voltages, in agreement with the values of k extracted at 25 ◦C (Fig29
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Figure 4.9: a) Nyquist plot of NMC111 symmetric cells (A, 10 mm ) at
+3.95 V vs. Li, measured at 10, 25, 40 ◦C; b) corresponding Bode phase
diagram.
ure 4.6). Since the EIS spectra depict the kinetic behaviour of NMC111,
they are expected to display a temperature dependency in agreement with
Equation 4.2. And indeed, the charge-transfer semicircle in Figure 4.9a is
particularly impacted by the variation in temperature, with a slower time
constant, and a higher height of the semi-circle at 10 ◦C.
On the other hand, the low-frequency tail in Figure 4.8, which contains the diffusive contribution [40], does not display a significant SOCdependent variation: thus, the slow relaxation in Figure 4.5 cannot be
observed as straightforwardly in the EIS response. However, the modification proposed in Paper II to P2D model, i.e. the extra term to account
for the particles’ surface stress, has to be considered when fitting the EIS
spectra as well (Paper I), and the results of the fitting are presented in
Table 4.2. Overall, a good agreement is achieved between the fitted results
from the two techniques: the parameters are within an order of magnitude
difference, and display the same trend as a function of temperature. The
thermodynamic and stress parameters (dEconc/dγpos and γstress ) are smaller
for EIS, likely due to the smaller perturbation applied. This is rarely found
in literature, where the cross-parametrization between AC/DC techniques
often display inconsistencies [30] [87]. This indicates that the slow relax-
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Table 4.2: Parameters extracted from the fitting of EIS spectra in Figure
4.9, compared to those extracted from GITT pulses at the same voltage
(from Paper I).

Ds,eff / m2 s−1
k/ m s−1
cdl / F m−2
dEconc /dxpos / V
γstress / V
β
Rcc / Ω m2
cdl,cc / F m−2

10 ◦C
GITT
EIS
1.7e-18 9.6e-18
0.074
0.32
0.76
1.32
0.37
1.09
0.27
1.5
1.0
1.0e-5
0.40

25 ◦C
GITT
EIS
7.8e-19 1.6e-18
2.22
3.95
3.5
1.35
0.49
1.28
0.47
1.5
1.7
1.2e-5
0.45

40 ◦C
GITT
EIS
7.0e-19 3.5e-18
5.93
9.36
2.4
1.18
0.47
1.15
0.43
1.5
1.5
1.7e-5
0.23

ation, although not directly visible in the EIS spectra, is also present in
them, and needs to be accounted for when describing the EIS response of
NMC111 at BOL.
CV
Knowing more about charge transfer and diffusion in NMC111 provides
additional insights for understanding another technique with convoluted
thermodynamic and dynamic contributions: CV. The voltammograms in
Figure 4.10 are characterized by a single peak in each potential sweep, located between +3.75 V and +3.85 V vs. Li (depending on the temperature
and cycle number), followed by a linear i vs. E region at higher voltages.
This implies that, from the peak onset on, capacity is delivered uninterruptedly across the entire voltage window, a behaviour reported for LCO
as well [9] [88], but not for phase-changing materials as LFP and graphite,
where all the available capacity is located in the peak features [34] [66].
The region most affected by changes in the operational conditions (either
temperature, or cycle number) is the peak area, which is characterized
by a higher ”C-rate” than the rest of the voltammogram, and thus by a
higher polarization [12]. This results in an ”amplification” of the signal,
which is however localized: virtually no temperature dependency can be
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Figure 4.10: First and second CV cycles (scan rate = 0.01 mV s−1 ) of
pristine NMC111 (A, 10 mm )/Li cells at 10, 25 and 40 ◦C, measured
between +3.2 V and +4.3 V vs. Li.
observed above +3.95 V vs. Li, although it is known to be present from
the CC, GITT and EIS measurements displayed so far. This is possibly
due to the small currents in this region of the voltammogram (∼ C/60):
this indicates a varying sensitivity of CV measurements in the voltage
range considered.
Following the reasoning in Figure 4.4, a comparison between CV and
equilibrium voltage responses is attempted for visually separating the thermodynamic and kinetic contributions. For this purpose, the equilibrium
curves in Figure 4.3 are differentiated to obtain the corresponding ICA
plot, since at steady-state CV and ICA responses coincide [7]. In Figure
4.11, a peak can be observed already at steady-state, as a mathematical consequence of the slope change around +3.85 V vs. Li in Figure
4.3. In addition, a peak in solid-state CV indicates a solid solution with
perfectly miscible components [33], which well describes NMC111 in the
voltage interval considered [54]. The peaks at steady-state are symmetric,
in the sense that the peak position, height and width are the same between
cathodic and anodic scan. The symmetry between anodic and cathodic
peaks is normally described in classic CV in terms of adsorption processes
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Figure 4.11: ICA plot of the equilibrium curves in Figure 4.3, overlayed
with the 2nd cycle of the experimental CV curves from Figure 4.10.
[32]; adsorption isotherms have also been demonstrated to suitably describe Li+ intercalation [88], and are used in Paper IV for modelling the
thermodynamic response of LIBs.
In Figure 4.4, any difference between the equilibrium voltage and
CV responses was attributable to polarizations. However, in Figure 4.11
this is possibly true only for the peak region, where the polarization is
high enough to detect changes in the set-up. Under dynamic load, a
temperature-dependent narrowing of the anodic peak width, as well as a
shift in the positioning and onset of both anodic and cathodic peaks, can
be observed. While the absolute value of this peak shift is approximately
the same between anodic and cathodic scan, its direction is opposite, as it
follows the direction of the voltage sweep. These changes in the voltammogram, attributed to kinetics, are associated with the highest polarization,
in agreement with Equation 4.2. In addition, the mirrored peak shift
between anodic and cathodic sweep is compatible with the symmetric polarization in NMC111 between charge and discharge, in agreement with
Kasnatscheew et al. [12]. According to this finding, the anodic peak
in the first cycle (Figure 4.10) indicates a more polarized condition at
all temperatures, compared to the following cycles. If a CP ”recovery”
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Figure 4.12: a) First and second CV cycles (scan rate = 0.01 mV s−1 ) of
pristine NMC111 (A, 10 mm )/Li cells measured at 25 ◦C between +2.7
V and +4.3 V vs. Li, without and with the CP ”recovery” step at the
end of the first cathodic sweep (+2.7 V vs. Li, 24 h). b) Capacity (in
−1
mA h gNMC111
) delivered in Figure 4.12a at the end of the first and second
anodic sweeps, without and with a preceding CP ”recovery” step.
step is performed at the end of the first cathodic sweep, although a partial recovery of the lost capacity is achieved (Table 4.12b), the shape of
the voltammogram is equal to the one without the recovery step (Figure
4.12a), thus indicating that the highly polarized state in the first cycle
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Figure 4.13: a) CV of NMC111 (A, 10 mm )/Li cells measured at 25 ◦C
between +3.4 V and +4.2 V vs. Li, and variable scan rates (0.01, 0.05,
0.1, 0.5 mV s−1 ). b) Plot of the peak current Ip (of anodic and cathodic
peak) vs. the square root of the scan rate ν 1/2 from a).
cannot be restored. This initial resistance, also observable at low degrees
of de-lithiation in the first charge of Figure 4.1, is possibly due to the
removal of (carbonate) layers on the surface of the pristine electrode material, or to the formation of the surface reduced layer characteristic of
NMCs [56] [58].
Classical CV is commonly diffusion-limited, which means that all the
dynamic contributions can be ascribed to this process, and Randles-Sevcik
equation is applicable for quantifying diffusion coefficients [35]. The linear
Ip vs. ν 1/2 relation found in Figure 4.13b would alone indicate that Li+
intercalation in NMC111 is limited by solid-state diffusion in the scan rate
interval considered [88]. However, an increase in the scan rate is also associated with a pronounced peak shift in the direction of the scan in Figure
4.13a, which is a sign of decreased reversibility of the charge transfer [32]
[35]. This indicates that Li+ intercalation in Figure 4.10 happens under
mixed kinetic control, i.e. both charge transfer and diffusion contributes
to the electrochemical response: this is a realistic scenario for commercial
electrodes, and supports the assumption of quasi-reversibility in Paper
IV. In addition, the extracted parameters in Figure 4.6 have revealed that
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the relative contributions of charge transfer and solid-state diffusion in
NMC111 are not constant in the voltage and temperature interval considered (Figure 4.6). In an extreme case, this might lead to a varying
”weight” of the charge transfer and diffusive contributions towards the
total polarization below and above +3.85 V vs. Li. This is an important
detail to consider for an accurate and physically-meaningful modelling of
CV curves.
In conclusion, the characterization of NMC111 at BOL reveals a negligible temperature dependency at steady-state. On the other hand, when
the system is perturbed from equilibrium, the dynamic response is temperaturedependent, and overall symmetric between charge and discharge (with the
only exception at high DOD, due to re-lithiation hindrance). This can be
observed directly in GITT and EIS measurements; in CC cycling, these
aspects better emerge by comparison with the equilibrium curves. Only
CV is unable to capture the dynamic response at voltages above +3.9 V vs.
Li, where rather low currents are registered. Furthermore, the dynamic
response also depends on the degree of lithiation: this aspect is better
inferred (both qualitatively and quantitatively) from EIS and GITT. The
latter in particular is the only technique to visually capture a slow relaxation occurring above +3.85 V vs. Li, hypothesized to be caused by
increasing mechanical stress on the particles’ surface.

4.1.2

Characterization at EOL

After clarifying NMC111’s electrochemical behaviour at BOL, its electrochemical response is compared to the one of NMC111 cycled at high
voltage (Paper III). The specific cycling protocol chosen targets the highend of a full-cell’s voltage window, between +3.8 V and +4.6 V vs. Li. In
addition, it considers different cell configurations, i.e. different stages of
stoichiometric drift as it might occur in different locations of a jelly roll
in a commercial LIB. In Figure 4.14, where Li plating on graphite might
occur, a significant degradation is observed particularly for the cells at
40 ◦C, characterized by a capacity fade to 50% of the original value during the first 60 cycles, while the cells cycled at 25 ◦C show a stabler
performance. All electrochemical characterization techniques are used to
identify the modifications induced in NMC111’s response by the specific
cycling protocol chosen, for understanding the role of NMC111 in the total
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Figure 4.14: Charge/discharge end capacity for NMC111(B, 22 mm
)/graphite cells cycled at high voltage (between +3.8 V and +4.5 V
vs. graphite) and two different temperatures (25 and 40 ◦C).
cell degradation.
CC cycling
In Figure 4.15a, a comparison is performed between NMC111 at BOL,
and the one harvested from the most degraded full cell in Figure 4.14:
specifically, the one cycled at 40 ◦C. A capacity loss of 50% of its original
value is observed for the aged NMC111 electrode, in the form of a shorter
voltage curve at EOL. This considerable capacity loss on NMC111 when
cycled at high voltage has not been previously reported in the literature;
instead, NMC111 is generally considered to have a negligible role in the
overall capacity fade, and to impact instead the impedance rise [89]. Additionally, when repeating the CC cycling after 1 month rest in Figure 4.15b,
the capacity loss is partially regained (∼ 25%), indicating the (partially)
reversible nature of the main ageing phenomenon hindering NMC111’s
performance at high voltage: specifically, the formation (and dissolution)
of insulating layers on NMC111’s surface, caused by the decomposition of
the electrolyte.
Another ageing-induced change can be observed in the CC curves in
Figure 4.15: a small polarization between +3.8 V and +2.8 V vs. Li, reported for other positive electrodes under different cycling protocols [90]
[91], and associated with inhomogeneous current distribution [92]/ uneven

37

E/ V vs. Li

4.5

3.5

2.5

0

EOL
40 C

50%
cap. loss

1.0

2.1

Capacity/ mAh cm

BOL
40 C

25%
capacity loss

3.2
-2

(a)

(b)

Figure 4.15: a) Residual capacity (measured at C/60 in NMC111 (B, 22
mm )/Li cells, at 25 ◦C) for NMC111 after high-voltage cycling at 40◦C
(showed in Figure 4.14). b) Newly-measured residual capacity (measured
in NMC111 (B, 10 mm )/Li cells at C/10, 25 ◦C) after the conclusion of
the post mortem analysis, followed by 1 month rest.
Li+ concentration in the electrode [90]. This is compatible with the presence of a non-uniform, insulating layer on the surface of the electrode,
which would generate inactive domains in NMC111.
CV
In Figure 4.16, the CV response of aged NMC111 is also modified by the
operation at high voltage. The total area of the voltammogram is reduced
by 25% of the original value, in agreement with Figure 4.15b (after which
the CV measurement was performed). Differently than in CC curves, the
capacity loss appears to be voltage-dependent, with the largest loss located
in the peak region: however, this is a consequence of the ”amplification”
effect already observed and discussed at BOL, which makes the peak region
more sensitive towards external changes. Compared to the CV response
at BOL, the voltammogram at EOL is characterized by a further shift
of the peak position in the direction of the scan, indicating an increased
polarization: this is compatible with the increased impedance observed in
Figure 4.17. In addition, an asymmetry occurs between the anodic and
cathodic scans: specifically, the cathodic peak is characterized by a lower
intensity and broader width compared to the anodic one. Since at BOL
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Figure 4.16: CV response (scan rate: 0.01 mV s−1 ) of NMC111 at EOL
(measured in NMC111 (B, 10 mm )/Li cells at 25 ◦C) after the cycling
at 40 ◦C in Figure 4.14, the post mortem analysis, and 1 month rest.
the anodic and cathodic scans were overall symmetrically altered by the
polarization (Figure 4.11), this asymmetry has been induced by the cycling
conditions, and the consequent degradation. A variation in the cathodic
peak well correlates with the modification induced by the same cycling
conditions in the CC curves in Figure 4.15: specifically, the polarization
towards the end of discharge, due to inhomogeneous current distribution.
Overall, the information extracted from the CC curves in Figure 4.15 can
be equivalently obtained from CV.
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Figure 4.17: Potentiostatic EIS response of NMC111 symmetric cells (B,
10 mm ), measured at +4.15 V vs. Li and 25 ◦C, after the cycling in
Figure 4.14 at 40 ◦C.
EIS of the aged NMC111 electrode, measured in symmetric cells, allows
to investigate the root causes behind the lost capacity in Figures 4.15 and
4.16. The Nyquist plot in Figure 4.17 displays an increasing impedance
in both semi-circles, caused by the degradation phenomena occurring in
NMC111 at different interfaces. This is demonstrated in Paper III by
combining a DC/AC physics-based model with different analytical techniques. Specifically, NMC111’s electronic pathway has degraded at the
current collector/electrode and electrode/carbon interfaces, while the interfacial features have suffered extensive degradation: the high impedance
on the second semicircle is dominated in particular by the layer formed on
the electrode’s particles, and the film between the electrode and the separator, observed by means of Raman and Scanning Electron Microscopy
(SEM). These layers would be responsible for the formation of inactive
domains in NMC111, and thus the capacity loss in Figure 4.15.

40

GITT
While CC and EIS measurements are commonly found in literature with
the purpose of investigating ageing, GITT and CV are rarely used for this
purpose. However, if the characterization of NMC111 at EOL should be
performed as at BOL, the first step would consist in obtaining the thermodynamic response of NMC111 at EOL by means of GITT measurements. In Figure 4.18a, the GITT curve for NMC111 at EOL is displayed,
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Figure 4.18: a) Comparison (in the same lithiation interval) between GITT
curves of NMC111 at BOL and EOL (measured in NMC111 (B, 10 mm
)/Li cells at 25 ◦C), after high voltage cycling at 40 ◦C. b) (Non-steadystate) OCP response, derived from GITT measurements performed between +3.6 V and +4.5 V vs. Li on aged NMC111 under high voltage
operation at 40 ◦C.
measured with the same protocol as at BOL (C/10 - C/20 pulses with
3 h relaxation). In this plot, the relaxation is almost never achieved in
the framework of 3 h rest, even at voltages inferior to +3.85 V vs. Li.
This indicates that the time constants of the kinetic processes in the aged
NMC111 electrode have become slower than the allocated time for relaxation. In addition, the GITT curves in Figure 4.18a once again display
a different behaviour before and after +3.85 V vs. Li: at lower voltages,
a higher polarization in all CC phases notwithstanding, the same SOC
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is reached at the end of relaxation, indicating that the same amount of
charge is injected in the material both at BOL and EOL. On the other
hand, above +3.85 V vs. Li the capacity delivered by the aged NMC111
electrode is systematically inferior to the one at BOL, as it is observed in
the relaxation phases ending at a lower SOC. This seemingly points to an
oxidative parasitic reaction occurring in the polarized phases of the GITT
measurement, and the most voltage-dependent degradation mode identified in Paper III is the decomposition of the electrolyte, triggered above
+4.2 V vs. Li already at BOL. Moreover, ageing is known to increase the
reactivity of NMC111’s surface, which might have decreased the threshold
for the electrolyte’s degradation: therefore, the loss of capacity observed
in Figure 4.18b above +3.85 V vs. Li would be due to a lowered onset
of the decomposition of the electrolyte. This information cannot be obtained directly from the CC cycling in Figure 4.15 (unless combined with
operando Mass Spectrometry measurements), or the CV response in Figure 4.16, where the voltammogram is almost unaltered from BOL in the
high voltage window. Additionally, the presence of an oxidative parasitic
reaction could be causing the asymmetry between anodic and cathodic
scans in Figure 4.16. As a consequence, if an OCP curve is built from the
relaxation phases in Figure 4.18a, it could not be considered at steadystate, since it would contain not only the thermodynamic behaviour of
aged NMC111, but also its dynamic response, and the occurrence of parasitic reactions. And indeed, when such a curve is built in Figure 4.18b,
a measurement-induced hysteresis [27] appears, which is not due to thermodynamic changes in NMC111 (Paper III).
The first consequence is the impossibility of using the OCP curve in
Figure 4.18a for performing a comparative analysis as in Figures 4.4 and
4.11. Additionally, and more importantly, for building actual equilibrium
voltage curves at different stages of lifetime, the decrease in rate of the
kinetic processes due to ageing must be taken into account. Incorrect
curves where steady-state is not reached could lead to a wrong estimation
of SOC, which is problematic for practical applications: among others, the
estimation of the residual driving range in EVs.
In conclusion, applying the different characterization techniques on
NMC111 at EOL after high operation allows to obtain an overview of its
degradation. Specifically, the designed protocol leads to a considerable,
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partially reversible capacity loss on NMC111 due to LAM, not often reported in the literature. This degradation can be identified through CC
cycling, and also CV measurements, provided that its varying sensitivity
is duly taken into account. On the other hand, the expected impedance
rise on NMC111 is captured by EIS in both semicircles of the Nyquist
plot, indicating that the degradation occurs at different interfaces in the
electrode. A modelling approach supported by analytical characterization
reveals that the measured LAM and impedance rise are in fact connected,
since the first would be caused by the formation of insulating layers on
NMC111’s surface. The formation of these layers occur due to the oxidative decomposition of the electrolyte on NMC111’s surface: this parasitic
reaction is successfully captured by means of GITT measurements, performed with the same protocol as at BOL. On the other hand, by using
this protocol, NMC111 does not fully relax to steady-state at any of the
voltages considered: this is due to the fact that the time constants have
been slowed down by the ageing, at the point that the time scale of the
measurement is unable to properly capture them. This indicates the need
of re-designing testing protocols across LIBs lifetime, in order to avoid
faulty measurements that might cause wrong estimations, and severe impact on the end-users.

4.2
4.2.1

Applications
Semi-empirical model

From the previous Section, it emerges how the electrochemical response
of NMC111 towards different excitation signals is often the result of a
convolution of its thermodynamic and dynamic behaviour, the latter consisting of both charge transfer and diffusion. Consequently, understanding
the role and the extent of the thermodynamic and dynamic contributions
in NMC111’s electrochemical response allows to artificially ”re-build” the
experimental results, i.e. to predict its electrochemical performance. This
concept is expanded in Paper IV, where a semi-empirical model is proposed
for predicting CC voltage characteristics. The forecasting of voltage characteristics supports the proper estimation and prediction of LIBs status
figures, the most important being SOC, SOH, and Remaining Useful Life-
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time (RUL), which are hardly inferred from experimental measurements,
and often need to be calculated based on measurable parameters (as voltage, current and internal resistance) [50] [51]. The model proposed in
Paper IV is built upon the thermodynamic and kinetic properties of LIB
electrodes, also observed for NMC111 in the previous Section; specifically:
• Frumkin isotherm is chosen for describing steady-state behaviour,
this is compatible with the dual slope in NMC111’s equilibrium
curves at BOL.
• Semi-infinite linear diffusion is assumed for describing Li+ solid-state
mass transport; this is compatible with the Warburg behaviour observed in the EIS spectra of NMC111.
• Quasi-reversibility is also assumed, and is compatible with NMC111’s
CV response at different scan rates.
Ideally, the proposed approach can be applied to full cells containing different layered oxide positive electrodes. This assumption is tested in practice
in Paper IV, by applying the proposed model to the voltage characteristics
of different commercial LIBs, cycled under different cycling protocols for
both stationary and automotive applications, and at different temperatures. The proposed model proves able to predict these voltage responses
with an accuracy of 1% error on the predicted voltage, which is considerably higher than the one of other models from the same class (5 - 20%
[93]). Although the fitting performed is based on several approximations,
the evolution of the fitted parameters as a function of time/cycle number
can be considered a rough qualitative indication of the limiting processes
during cycling. Specifically, the parameters are J, Kkin and Kdiff , which
represent the thermodynamic, charge-transfer and diffusive portions of the
voltage response respectively. In the framework of a capacity fade dynamic
(30% capacity loss at EOL), the largest variation is observed for J and
Kdiff , while Kkin remains constant (Figure 4.19a), pointing to a growing
diffusion limitation across cycling, with a coupled thermodynamic change
in the electrodes’ bulk. This is compatible with the increasing diffusive
hindrance in graphite due to mechanical stress at low SOC, as reported
in [94] [95]. In the framework of a rapid power fade dynamic, on the
other hand, Kkin steadily increases over cycling (Figure 4.19b), indicating
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Figure 4.19: Evolution of the fitting parameters J, Kkin and Kdiff (from
Paper IV) as a function of cycle number/time for a) a capacity fade dynamic and b) a power fade dynamic (under variable current) in commercial
LIBs at 25 ◦C.
charge transfer as limiting. Although charge transfer is generally considered a fast process, a large increase in its impedance has been observed in
LIBs containing layered oxide electrodes, due to the formation of films at
the positive electrode’s surface [96].
Even if mostly based on NMC111’s properties, the semi-empirical
model proposed provides a good experimental fitting for full cells under
rather diversified cycling protocols; in addition, a rough identification of
the main limiting processes over cycling can be obtained at full-cell level,
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although based on several strong approximations. This information can be
used for quick failure detection, battery sizing and design, system design
and optimization of operational strategies.

4.2.2

Ageing protocols

(a)

(b)

Figure 4.20: a) Normalized discharge capacity (measured with slow CC
cycling in the framework of the reference performance test) vs. equivalent
cycle number of commercial LIBs, cycled under a stationary protocol (Paper V) in different SOC ranges. b) Galvanostatic EIS response (between
1 kHz and 25 mHz) of the cells in a), measured at 50% SOC.
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For the validation of the semi-empirical model, online databases were
used, where LIBs were cycled according to generic protocols for mimicking
electric drives, and stationary storage. However, for targeting specific
applications, the design of cycling protocols which would better approach
the real usage of LIBs is still necessary. This aspect is addressed in Paper
V, where a testing protocol for PV-connected, off-grid LIBs is proposed.
This protocol also addresses a gap in the standardization of LIB cycling,
which mostly focuses on automotive use, and is left rather undefined when
it comes to stationary applications [76]. For better relating the designed
protocol to real-life conditions, the testing procedure is extracted from
power usage data in the rural region of interest. These data pointed to the
overall use of low currents (∼ C/20 cycling) and different SOC intervals,
depending on the application and the time of the year. This led to a
campaign of experiments spanned over two years, during which commercial
LIBs with layered oxide positive electrodes were cycled according to the
proposed procedure. In order to maintain the relatability to real usage
conditions, no accelerated ageing procedure was applied. The capacity
loss displayed by these devices across the two years of cycling is displayed
in Figure 4.20a. Only LIBs cycled in the highest SOC interval (65 - 95%
SOC) reach the EOL criterion of 20% loss on the nominal capacity. This
cycling condition also corresponds to the EIS spectrum with the highest
mid-frequency semicircle in Figure 4.20b, i.e. the highest fmax : this is a
sign that the kinetics are most impeded in the cycling protocol involving
the high-end of the SOC window. Additionally, the EIS spectrum in the
65 - 95% SOC range is also characterized by the appearance of a second
semi-circle at mid-high frequencies, not entirely resolved, and associated
(among other reasons) with the formation of layers on the electrodes’
surface [41]. This is in agreement with the findings from DVA in Paper
V, which point to SEI growth as the main cause behind LLI at full-cell
level. This indicates that, in the specific application considered (off-grid,
PV-connected LIBs), the combination of a narrow SOC interval and the
use of a high voltage cut-off has the most impact on LIB’s lifetime. This
information can be used for defining the optimal operational strategies for
LIBs in off-grid systems: specifically, these strategies should minimize the
total system cost by extending LIB’s lifetime.
Ideally, lifetime testing should always be performed on commercial
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LIBs, in order to be as close as possible to the real set-up and usage
conditions; however, this might not be always advantageous, or feasible.
One disadvantage of using commercial LIBs is the difficulty of describing
them through physics-based models, which would allow for a more precise
description and quantification of ageing mechanisms than (semi)empirical
approaches, and for a better generalization of the results. This is due to
the fact that physics-based models, already computationally expensive [45]
[47], further increase in their cost and complexity when considering commercial LIBs, due to the local, geometry-induced effects to be considered
in the form of added dimensions [2]. Furthermore, some testing conditions
might not be practically applicable to commercial LIBs. One example is
high voltage operation, already considered in the previous Section: the
vast majority of these studies is necessarily performed in lab-scaled cells,
due to the unavailability of mass-produced commercial LIBs design for
this purpose. However, this approach misses the complexity of commercial LIBs with wound configuration: one of the aspects overlooked, for
example, is the occurrence of uneven electrode slippage across the jelly
roll [71] [97]. This aspect is specifically addressed in Paper III, by applying the chosen testing protocol to lab-scaled cells in different stoichiometric
configurations: half cells, and full cells where graphite is in excess, or with
forced Li plating. We here focus on one of the most undesired situations
in a full-cell, whose effects have already been displayed in Figure 4.14: Li
plating, as might locally occur in the jelly-roll of commercial LIBs. In
the cells in Figure 4.14, two LLI mechanisms are likely to be present: 1)
anomalous SEI growth due to transition metal dissolution and 2) Li plating, due to the fact that graphite initially reaches 0 V vs. Li. This leads to
a pronounced slippage between the electrodes over cycling, and two stages
can be considered in particular:
1. Graphite has not yet slipped to a point of completely matching
NMC111 when fully charged (Figure 4.21b). Up until this point,
NMC111 reaches voltages of + 4.5 V vs. Li, as the Li plating on
graphite induces 0 V vs. Li as negative electrode potential when
fully charged [98];
2. Graphite has slipped passed the point shown in Figure 4.21b, and
forces NMC111’s potentials above +4.5 V vs. Li during charging (as
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Figure 4.21: (a) Unbalanced NMC111/graphite cells at BOL (experimental data). (b) and (c) Simulated scenarios for unbalanced
NMC111/graphite cells at EOL, in two limiting cases: (b) graphite
and NMC111 perfectly matching each other when fully charged and (c)
graphite in excess when NMC111 reaches the highest potential, causing
NMC111 to be pushed to higher voltages.
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the potential of the negative electrode is higher than 0 V vs. Li).
At this point, Li plating could cease.
While a mild capacity fade can be observed at 25 ◦C in Figure 4.14, the
cells cycled at 40 ◦C display a faster degradation, characterized by a sudden increase of the ageing rate at ∼20 cycles. The unbalanced cells at 25
◦C, though forced to suffer Li-plating due to the mismatched electrodes,
do not show a substantial capacity fade within the first 60 cycles (∼ 4%),
indicating that the Li plating is somewhat reversible in this case. At 40
◦C, however, a substantial capacity fade occurs after the first 20 cycles,
showing a much decreased stability and reversibility of the plated Li. The
first portion of this capacity fade (after 20 cycles) would correspond to
transitioning from Figure 4.21a to 4.21b. Beyond ∼0.65 mA h cm−2 of
lost capacity, the condition in Figure 4.21c is reached, which leads to an
increase in NMC111’s cut-off above +4.5 V vs. Li. Since a higher temperature increases the rate of LLI- and LAM-inducing mechanisms [99], the
unbalanced cells at 40 ◦C are expected to suffer of a more severe slippage,
implying that a higher upper-voltage cut-off than +4.5 V vs. Li is reached
on NMC111. As such, the faster degradation would not be merely a consequence of a higher temperature, but also the effect of an increased voltage
cut-off on the positive electrode. In this way, we show how lab-scaled cells
can still be used to represent the localized effects in a commercial LIB
when specifically considering the uneven stoiochiometric drift occurring
across the jelly roll over cycling.
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Chapter 5

Conclusions
In the present work, four common electrochemical techniques (CC cycling,
GITT, EIS and CV) are used for investigating NMC111’s behaviour at
BOL and EOL.
At BOL, the thermodynamic and dynamic properties of NMC111 are
investigated both qualitatively and quantitatively. In such sense, GITT
and EIS prove the most suitable techniques, as they allow to separate the
kinetic contribution into charge transfer and diffusion, and to quantify
kinetic parameters as the kinetic rate constants, and the effective solidstate diffusion coefficients. GITT in particular is the only technique able
to visually capture the slow relaxation occuring at BOL above +3.85 V
vs. Li. Moreover, GITT allows to build equilibrium curves; when compared with CC curves, for a visual separation of the thermodynamic and
dynamic contributions can be performed, apt to study the polarization in
NMC111. When the same analysis is attempted for CV measurements, on
the other hand, a varying sensitivity of the dynamic response is found in
the voltage window considered, strongly dependent on the current measured: specifically, an ”amplification” effect is observed in the peak region,
while no changes are registered above +3.9 V vs. Li, where the measurement displays an almost linear i vs. E profile. Overall, GITT proves to
be the most versatile and information-dense technique for investigating
NMC111 at BOL.
On the other hand, the different techniques display more of their nonconcurrent nature at EOL, delivering complementary information about
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the ageing phenomena in the material. CC cycling and CV both capture
the capacity fade, and a non-uniform current distribution in the material.
EIS captures the impedance rise, from which the different ageing phenomena can be identified, and linked back to the capacity loss. On the other
hand, GITT captures the occurrence of an oxidative parasitic reaction at
voltages above +3.85 V vs. Li. In addition, using the same GITT procedure employed at BOL reveals that aged NMC1111 cannot reach a full
relaxation at EOL even below +3.85 V vs. Li, since the time constant
of the kinetic processes has been slowed down by the degradation. As a
consequence, the OCP curve thus obtained can’t be considered at steadystate: this underlines the importance of updating such testing protocol as
the cycling proceeds, in order to avoid errors in SOC estimation.
From the electrochemical characterization at BOL, a negligible temperature dependency is observed at steady-state. When the system is
perturbed from equilibrium, on the other hand, the dynamic response is
temperature-dependent, and overall symmetric between charge and discharge (with the only exception at high DOD, due to re-lithiation hindrance). The slow relaxation observed above +3.85 V vs. Li could be
quantitatively captured by including the effects of mechanical stress into
already developed electrochemical descriptions. Furthermore, this also
reveals how the dynamic response of NMC111 varies depending on the degree of lithiation: specifically, the kinetic rate constants and the diffusion
coefficients display opposite trends below and above +3.85 V vs. Li, a
detail to be taken into account for an accurate physics-based description
of NMC111, and similar materials.
When NMC111 reaches the EOL criterion after high operation, a considerable, partially reversible capacity loss is observed, not often reported
in the literature, and due to LAM. This LAM is linked to the impedance
rise registered in both semicircles of the Nyquist plot, indicating that the
degradation occurs at different interfaces in the electrode. Specifically, the
measured LAM and impedance rise are connected, since the first would be
caused by the formation of insulating layers on NMC111’s surface. These
layers are formed due to the oxidative decomposition of the electrolyte on
NMC111’s surface. Overall, it is revealed that under high voltage operation NMC111 contributes to the overall degradation both in the form of
impedance rise (as reported in the literature) and capacity fade; the two
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modes are interconnected by the degradation of the electrolyte, and the
consequent formation of insulating layers on NMC111’s surface.
Some of the properties inferred from NMC111’s characterization at
BOL (namely, its steady-state behaviour, the assumption of semi-infinite
linear diffusion and quasi-reversibility) are employed to create a semiempirical model for predicting CC voltage curves of LIBs, to be used in
larger energy systems and for on-line estimation. Although the model was
designed mostly based on NMC111’s thermodynamic and dynamic properties, it can generalize to commercial LIBs with different layered oxide
positive materials, and it delivers high-accuracy results when compared to
similar approaches. The evolution of the fitted parameters roughly indicates the limiting processes occurring across cycling in the different LIBs
considered; the addition of specific terms accounting for different ageing
phenomena is suggested for improving the physical validity of the model.
Together with a model for predicting CC curves, the importance of collecting such data with relevance for commercial set-ups and applications is also
discussed. Specifically, it is shown how high voltage operation, performed
in lab-scaled pouch-cells, can in fact be referred to commercial LIBs with
wound configuration, if the localized geometry-induced effects are properly captured. For targeting stationary applications, something not often
addressed through standardized protocols, a testing protocol is proposed
to mimic the low-current operating conditions of off-grid, PV-connected
LIBs. In order to maintain the relatability to real-usage conditions, the
testing is performed over a time span of two years, without employing
accelerated ageing procedure. The results allow to identify the protocol
which impacts the least the overall battery lifetime, an input needed for
designing optimal operational strategies which minimize the cost of systems in which LIBs are included.
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