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2 Abstract

Due to their high energy density, Li-ion batteries represent nowadays the most promising electro-

chemical storage devices for portable electronics, electric vehicles and stationary energy storage ap-

plication. However, some challenges need to be overcome, especially for automotive applications.

These include: the increase of the energy and power densities, decrease the cost, fast charging, safety,

aging and recycling of the components, among others. A particular problem regards the sudden degra-

dation due to the many undesired reactions which take place during battery operation. Batteries are

complex systems and the effects contributing to capacity fade are still not well understood. One of

these undesired reactions is the deposition of metallic lithium on the anode surface during the charging

process. This phenomenon, called lithium plating, is not only the main cause for battery degradation

when charging at low temperatures, but it may lead to a short circuit, when lithium dendrites deposits

in a needle-like form, piercing the battery separator. In large format cells, where temperature and

current distributions are not uniform, the lithium deposition process starts locally and it is difficult

to detect. A few techniques have been employed to detect and quantify lithium plating, but these

are not spatially resolved, and there is still no method that directly detects the deposition of metallic

lithium during battery operation. Electrochemical models allow the evaluation of the lithium ions

concentration, temperature and potential distribution within the cell, parameters that can be used to

identify the plating onset conditions. Experimental parameterization is needed as different parameter

combinations lead to the same cell potential curve. Each cell has a specific geometry and the transport

parameters depend on the chemistry of the component and on the geometry of the cell. Furthermore,

tabulated values for such parameters are scattered and often do not provide information on the elec-

trode geometry. In-operando characterization techniques like optical microscopy and micro-Raman

spectroscopy are employed to detect the lithium plating onset in the micro-scale. Intercalation of the

plated lithium on the graphite surface was observed during the resting periods after charge and during

the constant voltage step. However, at C-Rates higher than C/2 and temperatures below zero degrees,

fast capacity decay due to irreversible lithium plating was observed in most commercial cells except

in one type. A non-isothermal electrochemical model is used to investigate the lithium plating onset

conditions of the commercial Li-ion cell where no plating was found even at very adverse conditions

(1C and -10 degrees or 4C and 0 degrees). This model is parameterized experimentally and validated
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2 Abstract

against the individual potentials. Geometry and transport parameters are determined at different tem-

peratures and states of charge. New approaches for a fast parameterization process are introduced and

the results are in good agreement with the ones obtained by other techniques. The model can predict

well the temperature, potential and current distribution within the cell during charging at high C-rates

and low temperatures. This promising model can be used to design new fast charging strategies for

Li-ion batteries at low temperature without a detrimental effect on the battery life.

4



3 Introduction and aim of the thesis

The first lithium-ion battery was released to the market by Sony Co. in 1991 [1]. Since then, they

have achieved a high market share due to their several advantages over other battery technologies [2].

In particular, they have higher energy density than nickel-cadmium (Ni-Cd) or nickel-hydride (Ni-

MH) batteries and they do not have memory effect. Lithium ion batteries are the central element

in the development of electro-mobility as the low driving range and high cost limit the diffusion of

electric vehicles. The possibility to replace conventional internal combustion engine vehicles relies

on the fulfilment of the demanding automotive requirements regarding energy and power density,

cost and safety. Li-ion batteries are a key element in the development of portable electronic and

electro-mobility and will also have a role as stationary storage devices for renewable energy sources.

Consequently, the progress of this technology is part of the effort of reducing greenhouse emissions.

The most critical objective of the research on lithium-batteries is to increase the gravimetric and

volumetric energy density in order to increase the driving range. As the capacities of commercial

Li-ion cells are now very close to their theoretical limits [1], new battery technologies have been

proposed, such as lithium-metal, lithium-sulphur, lithium-air batteries and also non-lithium based

systems. However, these technologies are still in the development phase. Particularly in the case

of lithium-metal and lithium-sulfur batteries, the technological issues of dendrites growth and the

polysulfide formation in lithium-sulfur batteries hinder its commercialization. With regard to the

conventional lithium-ion technology, new solutions have been proposed in the last years to further

increase the energy density, in particular the use of high capacity silicon-graphite anodes, and high

voltage or high capacity cathodes, like enriched NCM and NCA cathodes [3].

In perspective, the main challenges of lithium-ion battery systems may be summarized as follows:

• Recyclability of materials: scarce and non-environmentally friendly elements like lithium,

cobalt and nickel are employed for the production of Li-ion batteries and efficient recycling

processes are lacking or they are not economically sustainable. If the use of lithium-ion batter-

ies is due to expand and overtake the automotive sector, the research in this field needs urgently

to be prioritized.
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3 Introduction and aim of the thesis

• Battery safety: The trend of increasing the voltage window, as strategy to achieve high energy

densities, is a challenge for battery safety as most electrolytes are instable at high voltages and

since the energy released in case of a thermal runaway will be higher than in current Li-ion

batteries.

• Fast charging: decreasing the charging time is essential for user acceptance in automotive ap-

plications. Charging at high C-rates leads to a faster battery degradation. Electrode and cell

design will play an important role to overcome this challenge.

• Degradation: battery ageing is one of the main concerns as it has a direct influence on the

battery cost. The non-linear degradation or sudden failure is a critical issue for estimating

the lifetime expectations of the system. Especially in electro-mobility applications, where the

variable load conditions (charging\discharging) result in an unstable ageing behaviour.

In this contest, increasing the lifetime of lithium ion batteries is of mayor importance as it has a

direct influence on the cost and on the customer acceptance. But batteries are complex systems

and, depending on the material, different secondary reactions and degradation phenomena might take

place. One of these undesired reactions is the deposition of metallic lithium on the anode surface

(lithium plating) during the charging process. At low temperatures and high charging rates, lithium

plating is the main ageing effect leading to irreversible capacity loss. Moreover, lithium plating can

lead to internal shorts [4]. This has been reported to be the main cause for the fatal accidents occurred

in lithium ion batteries [5].

In large format cells, where temperature and current distributions are not uniform, the lithium deposi-

tion process starts locally and is difficult to detect. Different methods were proposed to experimentally

investigate lithium deposition on the negative electrode [6–8], but most of them are not spatially re-

solved and there is no method that directly measures the deposited metallic lithium during battery

operation.

Electrochemical models provide quantitative information that can help studying the Li deposition phe-

nomenon [9]. They allow the evaluation of the Li concentration, temperature and potential distribution

within the cell, which can be used to identify the factors leading to inhomogeneous cell degradation.

However, one of the critical parts of electrochemical models is the complexity of the parametrization

process, which is due to the high number of parameters. The experimental parametrization of these

models is essential in order to predict the plating behaviour of individual batteries. Different combi-

nation of parameters can provide the same cell potential curve, but different electrode potentials and

concentrations lead to wrong predictions of the lithium plating onset. Moreover, most models do not
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include thermal effects, which is one of the most important factors affecting lithium plating during

low temperature charging.

Therefore, the objective of this thesis is the investigation of the lithium deposition on graphite elec-

trodes of commercial Li-ion cells by numerical simulations and experimental characterization. The

first section regards the experimental investigations of the lithium deposition process on anode elec-

trodes by optical and in-operando micro-Raman spectroscopy (section 5.1). The electrochemical

analysis of the charging behaviour of lithium-ion batteries is also addressed, with the aim of iden-

tifying the main factors that affects the lithium deposition process like temperature, C-Rate and a

resting period after charging. This study is carried out by cycling of different commercial cells. The

various types of cells have different geometry (cylindrical and pouch), chemistry, and balancing. This

results in a different charging behaviour at low temperatures. The study is carried out also in labora-

tory three-electrode cells assembled with the commercial electrodes. To detect the presence of plated

lithium, post-mortem analysis by SEM microscopy and ICP-OES is performed.

In the following section (section 5.2) a parametrization study on the two commercial cells that present

different lithium plating behavior at low temperatures is reported. A sensitivity analysis of the geo-

metrical, morphological and kinetic parameters on lithium plating is performed, to identify the most

critical parameters that should be experimentally determined as input for the simulation study. Fol-

lowing the results of the sensitivity study, the electrodes geometries, diffusion coefficients and reac-

tion rate constants are determined experimentally at different states-of-charge and temperatures.

In section 5.3, the cycling behaviour of one of the two case-studies, i.e. the pouch cell, is further

studied by inserting a reference electrode in the cell. This analysis is necessary to validate the results

of the simulation study, which is described within the section. The effect of inhomogeneities in the

real cell geometry is investigated by simulating the charging behaviour of the same cell. In section 5.4,

the experimental parametrization study and the charging behaviour of both cells is compared in order

to evaluate the difference on their low temperature behaviour. A simplified electrochemical-thermal

model, of just one electrode layer, is employed, to reduce the computational time. In section 5.5, the

simulations of the potential profiles during charge of pouch-cell, with the single layer electrochemical

model are described. The simulation study is carried out to evaluate the sensitivity of the model

towards each parameter and to determine what cell design can help avoiding lithium plating when

charging at low temperatures. The simulation is also performed for the electrode geometry of the

cylindrical cell. The results for the two cases are then compared to determine the factors leading to

the different observed plating behaviour.

In section 5.6, various charging protocols are tested with the pouch cell, to reduce the charging time

and maximize the charge capacity while preventing lithium plating.
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Finally, section 5.7 describes a new approximation to determine the diffusion coefficient directly from

galvanostatic titration technique (GITT) measurements on commercial cells.
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4 Theoretical background

4.1 Lithium ion batteries

A lithium ion battery is an electrochemical cell made of two electrodes which can intercalate lithium

ions and where oxidation and reduction processes occur. During discharge, the chemical energy is

transformed in electrical energy. Lithium ion batteries can also be recharged, and the electrical energy

is transformed in chemical energy.

The positive electrode is generally a transition-metal oxide whereas carbonaceous materials are used

as negative electrodes. As electrolytes, ion-conductive non-aqueous solutions are generally used. The

function of the electrolyte is to close the electrical circuit, moving the Li+ ions from one electrode to

the other during the charge and discharge processes.

When the Li-ion battery is connected to an external load, during discharge, the intercalation and the

reduction reaction take place at the positive electrode (or cathode). At the same time, at the negative

electrode or anode, the lithium ions are de-intercalated and the oxidation reaction occurs.

Cathode

Li1−xMO2 + xLi++ xe−→ LiMO2

Anode

LixC6→+xLi++ xe−+C6

Full cell reaction

Li1−xMO2 +LixC6→ LiMO2 +C6

9



4 Theoretical background

4.2 Thermodynamic of the lithium ion battery

Lithium ion batteries are electrochemical cells which are formed by two electrodes in contact with

the same lithium ion-conductive solution. In galvanic cells, a reaction occurs spontaneously when the

electrodes are connected with an external conductor [10].

The equilibrium potential of a battery cell φ0 can be calculated from the reaction free energy ∆G0

when the battery cell is in equilibrium.

∆G0 =−z ·F ·φ0 (4.1)

where the reaction free energy ∆G is the usable electric energy, F is the Faraday constant and z is the

number of electrons exchanged.

The potential of a cell reaction, φcell , is defined as the change in the free energy of Gibbs, which can

be expressed as the sum of the chemical potential µ of the substances involved in a reaction.

φcell =
∆G
n ·F

=
∑νi ·µi

n ·F
(4.2)

with νi being the stoichiometric factor of the compounds participating in the cell reaction. The chem-

ical potential of any compound can be expressed as:

µi = µ
0
i +R ·T · lnai + zi ·F ·Φ (4.3)

where R is the universal gas constant, ai is the dimensionless chemical activity and Φ is the electro-

static potential. In ideal solutions, the activity is equal to the mole fraction of the substance i in the

mixture. For non-ideal solutions, as is the case of liquid electrolytes used in Li-ion batteries, some

correcting factors have to be applied [3].

These are expressed by the activity coefficients fi, which are defined as ai = fi ·ci being ci the dimen-

sionless species concentration.

µi = µ
dilute
i +µ

excess
i = R ·T · ln fi · ci + zi · e ·φ (4.4)

Therefore, from the combination of expressions 4.2 - 4.4 the relation between the electrode potential

and the concentration of the oxidized and reduced species at the electrode surface can be established,

the so called Nernst equation.
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4.2 Thermodynamic of the lithium ion battery

φ0 = φ
0− R ·T

z ·F
· ln fox · cox

fred · cred
(4.5)

The equilibrium potential of each electrode φ0 is the potential of the electrode versus a reference elec-

trode in open circuit conditions. φ 0 is the potential in standard conditions, i.e. the potential difference

versus the standard hydrogen electrode (SHE) at 25 ºC and 101.3 kPa [3]. As it is not possible to

measure the absolute potential, the potential is always indicated versus a reference electrode. Stan-

dard potentials are related to the H2/2H+ redox couple, whereas electrode potentials in lithium ion

batteries are generally related to the Li/Li+ couple, which has a potential of -3.05 V vs. the SHE.

This is somehow a forced choice, driven by the facts that non-aqueous solutions are employed and

that Li+ is the electroactive specie. Nonetheless, the redox couple Li/Li+ is not an ideal reference

electrode due to the reactivity of lithium metal, which affects the stability of the electrode potential.

Uo = φC−φA (4.6)

The open circuit potential of a battery, Uo is the difference between the equilibrium potentials of anode

and cathode. It is usually chosen to match the region where the electrolyte is not oxidized (HOMO)

or reduced (LUMO) at the anode and at the cathode, respectively. The presence of passivating layers

at the electrode/electrolyte interfaces can affect the charge transfer process between the electrode and

electrolyte and therefore further stabilize the electrolyte beyond its electrochemical stability window.

These passivating layers are denominated as solid electrolyte interface (SEI) as they are composed

by insoluble substances which are formed by reduction or oxidation of the electrolyte at the electrode

interface.

Classical electrolytes are solutions of a lithium salt in mixtures of linear and cyclic organic carbonates,

such as ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylmethyl

carbonate (EMC) and propylene carbonate (PC). These have oxidation potential (HOMO) at 4.7V vs.

Li/Li+ and reduction potential (LUMO) at about 1 V vs. Li/Li+ [11]. The anode potential in graphite

electrodes is lower than the LUMO of these electrolytes. Therefore, the formation of a stable SEI on

the anode electrode is crucial to avoid fast degradation of lithium ion batteries. On the anode side,

the use of ethylene carbonate is mandatory, as this component hinders the SEI breaking due to the

volume changes during cycling.

The cathode potential of most Li-ion battery systems is below the HOMO of organic electrolytes.

However, instabilities are observed when cycling Li-ion cells at voltages over 4.5 V. It is still unclear

if the observed instabilities are due to the degradation of the cathode at low lithiation stages or to a

11
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Figure 4.1: Electrode overpotential as a function of the current, based on [3]

lower stability of the electrolyte. The SEI formation on the cathode side is still not well understood,

and current efforts focus on the development of a stable passivation film, that can be formed during

the first cycle. This may allow increasing the potential window and consequently the energy density

of the battery.

When current is applied, there is a deviation from the electrode equilibrium potential. This deviation

from the equilibrium state is called overpotential η .

φ = φ0−Σ |η | (4.7)

There are several sources contributing to this deviation:

• Charge transfer overpotential or activation polarization: it is due to the sluggishness of the

charge transfer process between electrode and electrolyte. This type of overpotential is mod-

elled by the Butler-Volmer equation (Eq. 4.12).

• Diffusion overpotential or concentration polarization: In case of depletion of any reacting sub-

stance, as in the case of high currents, the reaction kinetic will be determined by diffusion

processes only, following the expression 4.8.

• Ohmic overpotential or IR loss: the potential difference due to the sum of the internal resis-

tances including the contact resistance, film (SEI) resistance, electrodes and electrolyte resis-

tance.

ηdi f f =

∣∣∣∣RT
zF
· ln(1− j

jlimit
)

∣∣∣∣ (4.8)
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4.2 Thermodynamic of the lithium ion battery

4.2.1 Charge transfer

The Nernst equation (Eq. 4.5) allows calculating the potential of the electrodes depending on the

activities of the oxidized and reduced species when the electrodes are in equilibrium. Under dynamic

equilibrium, the reaction rates of the oxidation\reduction reactions must be equal. When current is

applied, the overpotential drives to an increase or slowdown of the oxidation or reduction reaction

rate [12].

Li++ e kc−→←−
ka

LiI (4.9)

Following the Faraday’s law, the current resulting from the forward and backward reactions are de-

fined as follows:

ic = n ·F ·A · kc (4.10)

ia = n ·F ·A · ka (4.11)

υ(Red) υ(Ox + e-)

Transition state
∆Ga

#,eq ∆Gc
#,eq

Free energy

Reaction coordinate

(a)

υ(Ox + e-)

Free energy

Reaction coordinate

(b)

υ(Red)

αae(U – U0)
∆Ga

#

∆Gc
#

e(U - U0)

Figure 4.2: Free energy diagram of the Li/Li+ redox reaction a) in equilibrium b) when an overpo-
tential µ>0 is applied, based on [12]

The change of the oxidation\reduction reaction rate can be defined by the charge transfer coeffi-

cient α (Eq. 4.12-4.13), which is the fraction of the electric energy resulting from the potential

change affecting the electrochemical redox reaction. Figure 4.2 shows the energy diagram for the

13



4 Theoretical background

oxidation\reduction reactions. Only a fraction of the total change of the free Gibbs energy appears in

the activated complex. The theory of transfer coefficients assumes that α is constant for all potentials.

kc = k0
c · exp(

−α ·F ·φ
RT

) (4.12)

ka = k0
a · exp(

(1−α) ·F ·φ
RT

) (4.13)

In equilibrium conditions, the net current is zero and the ic and ia are equal. From the Nernst equation

(Eq. 4.5) and expressions 4.8-4.13, the exchange current at any equilibrium potential is determined

by the concentration of the oxidized and reduced species and the reaction rate constant [13].

i0 = n ·F ·A · k · c1−α
c · cα

a (4.14)

When an overpotential is applied, the reaction current is the sum of the contributions from the anodic

and cathodic currents, namely following the Butler Volmer equation:

j = j0 ·
(

exp
((1−α) ·n ·F ·η

RT

)
− exp

(
α ·n ·F ·η

RT

))
(4.15)

4.2.2 Transport phenomena on Li-ion batteries

The transport processes in Li-ion batteries include the movement of the lithium ions through the

electrolyte and within the electrode as well as the electron conduction on the solid phases.

In the electrolyte, the movement of the lithium ions is driven by three different processes: diffusion,

migration and convection. The diffusion process is defined as the movement of the Li+ as a result

of the presence of a concentration gradient. If the driving force is an externally applied electric

field, the transport process is called migration. Most lithium ion batteries use a binary electrolyte

(binary salt dissolved in a solvent mixture), where the salt concentration (solute) is generally around

1 M. In concentrated solutions, as is the case of Li-ion battery electrolytes, diffusion also causes

convection [14].

The expression that relates the ionic flux due to local variation in the concentration is the first Fick´s

law which, in the one dimensional case, can be expressed as:

−N(x, t) = D · ∂c(x, t)
∂x

(4.16)
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Being N the molar flux (mol cm2s−1), D the diffusion coefficient (cm2s−1) and c the Li-ion concen-

tration (mol cm−3).

Being t+ the transference number, which is defined as the net charge carried by the cations from the

total charge carried by cations, anions and the solvent molecule [14].

t+ =
u+

u−+u+
=

D+

D−+D+
(4.17)

In a non-isothermal system, as is the case on large format Li-ion batteries, the thermal effects also

contribute to diffusion. Diffusion driven by a temperature gradient is called the Soret effect. The

Dufour effect is the temperature gradient as a result of a diffusion process. This thermal diffusion

generates an ionic flux described by the following equation:

N = D · (∇x1− kT · x1 · x2 ·∇T ) (4.18)

being kT the Soret coefficient, x1 and x2 the displacement of two liquids caused by temperature gra-

dients [14].

The diffusion coefficient in liquid solutions can be calculated from ionic conductivity data through the

Stokes-Einstein equation 4.19. However, the applicability of this equation in concentrated solution is

questionable, and diffusion coefficients calculated with this expression are only 20% accurate [14]:

κ = n = c+ν+ =− kB ·T
6 ·π ·µ ·R0

(4.19)

Being µ the electrolyte viscosity and R0 the radius of the solute particle. It is assumed that the R0 is

at least 5 times smaller than the solvent particle. Diffusion coefficients in electrolytes are commonly

calculated from electrical conductivity values, as this characteristic is very easy to measure. As

diffusion and mobility are related physical entities, the relation between diffusivity and the equivalent

ionic conductivity λi [14]:

κ = kB ·T ·ui =
kB ·T ·λi

| zi |
(4.20)

However, a more accurate way to measure the diffusion coefficients in liquid electrolytes is by pulsed-

gradient-field nuclear magnetic resonance (PFG-NMR).

The transport process in solid active materials, is driven by the gradient of Li+ concentration, and

is therefore a solid-state diffusional process. The diffusion mechanism in solids is described by the
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Fick´s law as in liquids or gases but, as expected, diffusion coefficients in solid are smaller than in

liquids (by several orders of magnitude). As most of the electrolytes used in Li-ion batteries are

liquid, diffusion in the active materials is the limiting process regarding the ionic transport.

Diffusion is a process governed by random jumps of atoms or ions, and in solids it can be classified in

two main categories: vacancy/defect-mediated mechanisms, and non-vacancy/non-defect-mediated

mechanisms. Lithium ions diffuse mainly by interstitial mechanism, as they have a small radius

compared to the host atoms. Therefore, during the jump none of the host lattice atoms is displaced.

In crystalline solids, where the structure is well defined, the diffusion coefficient of intercalating

species within the crystalline framework can be calculated by first principles. The crystal structure

is one of the main elements determining the diffusion coefficient, as the Li+ moves through the path

of minimum total potential energy. In the case of graphite, diffusivity in the direction parallel to the

graphene layers is higher than in perpendicular direction, as the bonding energy between graphene

layers is lower than the strong covalent bonds. The presence of defects in the graphene layer or at the

graphene edges enhance diffusion through the layers [15]. Cathode materials that are commonly used

in Li-ion batteries can be divided in three main groups according to their lattice structure: layered ox-

ides, spinel oxides and phosphates with olivine structure (LiMO2, LiM2O4, and LiMPO4 respectively,

being M a metal or alloy). The intercalation paths are unidirectional tunnels in the case of materi-

als with olivine structure, two-dimensional for the layered oxides and tri-dimensional in the case of

spinel oxides. However, LiCoO2 (layered) presents higher diffusivities than LiMn2O4 (spinel), due

to the high activation energies of the insertion/extraction process in spinels, which prompts a struc-

tural change from cubic to tetrahedral. The most used phosphor-olivine cathode material is LiFePO4,

which has the lowest diffusivity, due to the 1D insertion path [16].

In the active materials, also transport of electrons takes place, during charge\discharge of the battery.

However, electrons are much smaller than the Li ions and therefore, ionic diffusion is the limiting

process. The electric transport in the active material is described by the Ohm’s law:

j = σ ·~∇φ (4.21)

being σ the electric conductivity of the electrode.

Electric conductivity is a material dependent characteristic, based on the valence gap which helps

the electron movement when an electric field is applied [16]. Equation 4.21 is derived from the

assumption of the electron movement as a gas flow, which can be used for metallic materials. Graphite

has an anisotropic conductivity, in the graphene layer and perpendicular to it, but its value is close
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4.2 Thermodynamic of the lithium ion battery

to metallic materials (several orders of magnitude higher than cathodic materials). The commonly

used cathode materials (LCO, LMO, LFP) are treated as semiconductors, due to their wider band

gaps. Their electronic conductivity is influenced by the Li ion diffusivity, as the valence state of the

metallic oxide on the cathode changes during the redox reaction.
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5.1 Negative electrode-Graphite

During the charging process, the lithium ions are intercalated in the negative electrode. The main

degradation effect during charging, lithium plating, occurs on the negative electrode and therefore its

characteristics play an important role on the deposition process. Since the first lithium ion battery

was introduced by Sony in 1991, carbonaceous materials such as hard carbons, natural and synthetic

graphite, have been employed as negative electrodes in lithium ion batteries. Natural graphite has the

highest energy density (372 mAh g−1) which corresponds to the maximum theoretical lithiation (one

atom of lithium per 6 atoms of carbon, LiC6). Graphite has a layered structure consisting of stacked

graphene layers, which in turns are formed by polycondensed benzene rings. The intercalation pro-

cess takes place in different stages, each corresponding to a specific filling (lithiation) of the graphene

layers. This process is thermodynamically driven and the lithium ions occupy the energetically most

favourable positions between two graphene layers. Through the basal planes, intercalation will only

take place at defect sites [17]. The lithium-graphite intercalation compounds, LixCn or GICs, which

can be obtained by chemical synthesis and have been observed by X-ray diffraction (XRD) during

intercalation are: stage I which corresponds to the fully lithiated graphite LiC6, stage II or LiC12

with alternating filled\empty graphene layer; stage II L or LiC18 is defined as a liquid-like stage II

phase with no in-plane ordering [18, 19], stage III or LiC27 consist of disordered lithium ions every

third interslab [20] and stage IV or LiC36. They can also be identified electrochemically by the po-

sitions of the differential capacity (dQ/dV) peaks and by XRD. Figure 5.2 shows a typical voltage

curve of graphite during slow intercalation at C/33 and the position of the stages. The plateaus ob-

served between stages are the phase transition where the coexistence of two or more phases takes

place. These coexisting phases have the same chemical potential and that is why a potential plateau

is observed. The index of the stage indicates the distance between the planes [00n] that contains in-

tercalated lithium (see Figure 5.1). Other stages have been reported at lower intercalation stages, but

discrepancies are found in the literature [21, 22]. Dahn et al. identified by XRD the stage 1′, which

is defined as a dilute stage where the Li intercalate randomly in the host [21]. Otzuhu et al. observed

stage 8 LiC72 with XRD in the region V [22].
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Figure 5.2 shows 5 different regions where the following coexisting stages were identified:

Figure 5.1: Lithiation stages of graphite, based on [24]

Region 1 at 85 mV is the last plateau at the end of charge, where the coexistence of phase I and II was

identified. Usually it begins at x > 0.5. During the charge process (lithiation of graphite), the region

ends when stage I is achieved.

�C6 +Li+→ LiC6 PhaseII +Li+→ PhaseI

Region 2 at 120 mV is shorter plateau where the coexistence of phase 2 and 2L was identified.

Usually it is present between 0.5 > x > 0.33. The reaction can be expressed as:

2LiC18 +Li+
 3LiC12 PhaseIIL+Li+
 PhaseII

Region 3 the potential varies between 120 and 210 mV and has some hysteresis. The coexistence of

phases 3 and 2L was identified. Usually it begins at 0.33 > x > 0.22. The reaction can be expressed

as:

2LiC27 +Li+
 3LiC18 PhaseIII +Li+
 PhaseIIL
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Region 4 between 0.08 > x > 0.17 is a plateau around 210 mV where the coexistence of phase 3 and

4 was identified. The reaction can be expressed as:

3LiC36 +Li+
 4LiC27 PhaseIV +Li+
 PhaseIII

The region of coexistence of stages 4 and 3 is described as a continuum change between the two

stages. However, this is the only phase transition where a voltage plateau is not observed. Therefore

the mechanism is not well understood. Dan et al. could not distinguish the average layer space by

XRD between the phase 2L and 2, and reported that this phase disappear at T < 283 K. A decrease

on the dQ/dV peak separation between the peaks 3,2L and 2L,2 was observed when decreasing the

temperature. Therefore, there is a temperature effect on the phase transition during intercalation.
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Figure 5.2: Graphite potential during intercalation at C/10, the regions where phase transitions take
place and the graphite stages

Different studies showed a lithiation or stage dependency of the diffusion coefficient [20, 23, 24].

The diffusion coefficient of graphite on the regions I,II is one order of magnitude smaller than in the

previous regions V to III. The low diffusivity of the high lithiation stages was claimed to be one of

the main limitations of the charging process [20,23,25]. Heß et al. studied the charging behaviour of

thin film electrodes of 1 µm with 3 µm particle size and could charge the battery at 6 C (10 min) and

with a discharge rate of 600 C (6 s) while maintaining 80% of the capacity. As particle size influences

mainly the diffusion process, they conclude that this is the limiting factor during charging.
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5.2 Low temperature charging of Li-ion batteries

It is well known that the performance of lithium ion battery decreases with temperature. The main

observed effects are: reduced charge\discharge capacity and reduced charge\discharge power. Dif-

ferent factors contribute to limit the performance at low temperature, but it is still not understood

which is the limiting one. In addition to this, low temperatures aggravate the lithium plating effect,

as the anode potential achieves faster the plating condition (Ua < 0) due to the higher charge transfer,

diffusion and ohmic overpotentials.

5.2.1 Electrolyte

The electrolyte composition has been identified as the main limitation for lithium ion battery perfor-

mance at low temperatures [26–30]. High ohmic overpotentials are expected when charging at low

temperatures, due to a decrease of the ionic conductivity and viscosity, as a consequence of the re-

duced ion mobility. At very low temperatures, the electrolyte might even freeze, and the cycling of

the battery will not be possible.

Even if the electrolyte does not freeze, its effect on the charge transfer kinetic seems to be crucial in

the charging behaviour at low temperatures. Impedance studies on graphite show moderate variation

(10 times) of the ohmic resistance when decreasing temperature from 25°C to -30°C in comparison

with the increase of the charge transfer (16 times) or SEI resistance (27 times) [31]. Similar results

were presented by Nagasubramanian [32], who claimed that the main contribution to the impedance

increase at -30°C was the mid-frequency resistance of the cathode (charge transfer+SEI). In addition

to the impedance studies, no direct correlation was found between the decrease of the ionic diffusivity

of the electrolyte at sub-zero temperatures and the discharge capabilities on different cells [33, 34].

Due to the high freezing point of the commonly used carbonate solvents (-37°C EC and -30°C 1:1 EC-

DMC [29]), investigations with ternary and quaternary electrolytes (adding EMC or PC with -55°C

freezing point) showed an improvement on the discharged capacity at sub-zero temperatures. The use

of other cosolvents like ethyl acetate (EA), methyl butyrate (MB), and ester cosolvents resulted in

very good performance at moderate rates at -60 °C.

Reducing the EC content, results in a decrease of the electrolyte viscosity and in an improvement

of the charge transfer kinetic on the anode electrode. On the other side, an increase on the cathode

charge transfer resistance is also observed [28]. The different composition of the SEI formed on the

cathode and anode material can explain this contrary effect.
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Additives commonly used to stabilize the SEI like FEC, VC, LiBOB induce an improved discharge

capacity at low temperatures, compared to electrolytes without additives. However, Smart et al. also

reported higher activation energy (Eact) on the charge transfer kinetic of the anode and no influence

on the cathode in electrolytes with VC as additive [28].

5.2.2 Charge transfer overpotential

The charge transfer process on the anode electrode during charging includes the desolvation of the

lithium ion, crossing the double layer and the SEI interface and reduction at the anode surface. There-

fore the electrolyte-electrode combination will influence this process as well as the formation of a

stable SEI.

The effect of electrolyte additives and solvents has been described in the previous section 5.2.1.

Different electrolyte compositions presented a wide range of Eact of the reaction kinetic for graphite,

between 45 to 60 kJ mol−1, and for LiNi0.8Co0.2O2 between 35 to 70 kJ mol−1 [28].

Zhang et al. showed that the highest increase on the Li-ion cell impedance when decreasing the tem-

perature is the charge transfer resistance Rct [35]. They observed a similar activation energy on the

Rct for anode and cathode materials. Higher Rct were also measured on both anode and cathode elec-

trodes, when the cell is fully discharged (graphite delithiated, cathode lithitated) as when is charged.

As the rate capability is always lower during charge than discharge in Li-ion batteries, they interpreted

the limitations of charge transfer process at the beginning of charge as the reason for this effect.

Abraham et al. also found that the impedance increase at low temperatures was mainly due to Rct con-

tributions in LTO anodes, LMO and NMC cathodes [36]. Similar Eact were measured for the different

materials and concluded that the desolvation process from the electrolyte is the most temperature sen-

sitive process. This is in good agreement with other studies, where just by modifying the electrolyte

composition significant improvement on the charging capacity were achieved [26, 27, 37, 38].

Impedance spectroscopy studies in three electrode configuration [39] and commercial cells [35, 40]

indicate that the Rct increase at lower temperatures is the main contribution to the voltage polarization

and therefore, the charge transfer process is the limitation on the Li-ion battery performance at low

temperatures.

5.2.3 Diffusion overpotential

On the contrary, the study from Huang et al. indicates that diffusion in the anode is the main factor

that diminish the charge performance on Li-ion batteries at low temperatures [41]. The resistance of

23



5 State of the art

the SEI layer was instead disregarded, as its increase is supposed to affect the performances during

both charge and discharge. His argument was supported by the increase on the reversible charge

capacity at -30°C by reducing the particle size. Zhang et al. measured higher activation energies for

the diffusion coefficient in discharged as in charged graphite, and pointed this as explanation for the

different capacities that can be charged\discharged at sub-zero temperatures [42].

Fan also highlighted the importance of the solid state diffusion, as re-intercalation of plated lithium

(stripping+intercalation) took place during the four hours rest after charging at room temperature, but

not at -20°C [43].

A low temperature study using three electrode configuration cells on graphite and NMC with different

thicknesses suggested that the main constrain on the low temperature behaviour of Li-ion batteries

is diffusion in the anode [44]. The diffusion coefficient value of graphite measured at -30°C is five

orders of magnitude lower than at room temperature, whereas the cathode diffusivity decreases just

two orders of magnitude. The size of the graphite particles in this study was 17 µm.

Many studies show considerable improvement of the charge\discharge capacity at low temperature

through the reduction of the particle radius [41, 45]. When small particles are employed, the diffu-

sion length in the active material is reduced and diffusion is not the hindering factor of the battery

performance. On the other hand, a decrease on the particle size will also improve the charge transfer

process due to the increase on the interfacial surface area. In addition to this, although significant im-

provements were obtained by optimizing the electrolyte with cosolvents and additives, the EIS study

from Liao et al. in a LFP/Li cell using a quaternary electrolyte showed limited charge transfer and

diffusion when charging at -40°C [46].

In conclusion, there is not an agreement on which is the main factor limiting the battery performance

at low temperatures. Geometrical parameters like the particle radius or the electrode thickness affect

the performance at low temperature and the on-set of lithium plating. Both have an influence on

the two main identified limiting processes: diffusion in the solid state and charge transfer kinetics.

Evidence of the SEI effect on the charge transfer process has also been reported. Ageing studies at

low temperature suggest that the main contribution to the impedance increase is due to the growth of

the middle frequency semicircle (SEI+charge transfer). The increase of the ohmic resistance (ionic

diffusivity of electrolyte) when decreasing the temperature is less pronounced. These results point to

a major contribution of the electrolyte on the low temperature performance from the charge transfer

process (desolvation or charge transfer through the SEI) as from the ionic transport.
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5.3 Ageing effects-Lithium plating

Several degradation effects are assumed to contribute to the reduction of the cyclable capacity of

lithium-ion batteries [47]. Binder decomposition, gas formation, corrosion of the current collector,

particle cracking, dissolution of active materials, increase of the structural disorder in the active ma-

terial, lithium plating and solid electrolyte interface (SEI) growth among others.

Although it is difficult to quantify the contribution of each mechanism to the capacity and power

fade, SEI growth on the anode is considered the main degradation effect by many sources [48]. The

solid electrolyte interface grows faster at high temperatures as it is a thermally activated kinetic effect,

which follows Arrhenius behaviour. At low temperatures, lithium plating is thought to be the main

source of ageing [49].

Lithium plating is the deposition of metallic lithium on the negative electrode, which competes with

lithium ion intercalation. As the potential window of graphite (0.7 V to 50 mV vs. Li/Li+, see chapter

5.1) is close to the one of metallic lithium reaction (Li++e−→ Li0), this reaction might occur during

charging when the potential in the anode is equal or lower than 0 V vs. Li/Li+.

Theoretically, if the negative electrode potential is kept over the reduction potential of Li+, this reac-

tion cannot occur. However, in commercial lithium ion batteries only the cell potential (U =Uc−Ua)

and the current are measured. To date, there is no application where the charging process is controlled

by the anode potential. This is possible if a reference electrode is integrated within the cell. So far,

this solution has not been implemented in commercial cells, either due to the related cost and\or

due to the lack of suitable reference electrodes. The most commonly used reference electrode ma-

terial is metallic lithium. However, the potential of metallic lithium changes over time, mainly due

to the SEI formation. Two phase materials like Li4Ti5O2 or LiFePO4 have been proposed, as they

show low polarization (< 5 mV), high reproducibility (within 1 mV) and high reliability [50]. Some

patents [51, 52] were issued in the last years with regard on these two candidates, and their commer-

cial application may be possible sooner than later. The higher cell cost can be counterbalanced by the

benefits in terms of higher lifetime, improved safety and better SOC/SOH estimations.

Nevertheless, the inclusion of a reference electrode in commercial cells will provide only an averaged

estimation of the negative electrode potential. Still, inhomogeneities in the cell could lead to local

deposition of metallic lithium. Several factors can result in an inhomogeneous anode potential. Some

of these factors are caused by errors in the manufacturing process:

• Improper electrodes alignment during assembly

• Metal particles contamination
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• Inhomogeneous electrode porosity or thickness

or cell design:

• Inhomogeneous pressure

• Inhomogeneous temperature

• Inhomogeneous current distribution

• Cell balancing or cathode\anode C\A capacity ratio

• Cell thickness

• Excess of negative separator length

The degree upon which these inhomogeneities are critical was investigated by numerical simulations

[53, 54] but also experimental evidences of these effects were reported [53, 55–57]. However, it

is difficult to validate the model predictions, as there is no method that can provide in-operando

information on the local cell temperature, current density or potential. Therefore, model validation

is just performed by considering the cell potential, the surface temperature and through post-mortem

analysis. Inhomogeneous plating can cause the sudden failure of the battery [55], in the case that

the porous surface is completely covered by metallic lithium and the area underneath is isolated,

i.e. intercalation is not possible any more. This leads to fast extension of the plated areas (as the

available area for intercalation is reduced), and to fast decrease of the reversible capacity. Therefore,

minimizing these inhomogeneities is essential to avoid lithium plating. This is harder in large cells

where temperature differences between the cell core and the surface or the tab’s effect on current

distribution are considerable [58]. In addition to this, the electrodeposition process is a complex

mechanism as several processes can take place concurrently.

The metallic lithium deposition can be either irreversible, if the deposited lithium is electrically iso-

lated from the graphite electrode, or reversible, in which case it doesn’t lead to capacity loss. On one

hand, the reversibly deposited lithium can strip during the next cell discharge (Li++e−→ Li0) as the

anode potential is within the potential window for this reaction, and the free Li+ can either interca-

late in the cathode or in the anode. On the other hand, as the plated lithium is in direct contact with

the anode, chemical intercalation can occur as a consequence of the differences between the Fermi

energies of metallic lithium and graphite intercalation compounds (Li0Pl → Li0So).

The reversible plating was investigated experimentally as a plateau in the potential profile can be

observed during the deposition\stripping process [8, 59]. The anode potential results from the linear

combination of the potentials of graphite and of the plated lithium. However, if the deposition reaction
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Li+ + e− → Li0 occurs just locally or in small quantities, plating might not be detectable by this

method. Petzl et al. used differential capacity to identify the potential plateaus caused by lithium

stripping and quantified the reversible and irreversible capacity loss under different conditions [59].

Recently, Schindler et al. observed the mixed potential (stripping+intercalation) during the relaxation

step [8]. In this report, changes in the potential derivative were used to identify the end of the mixed

potential region. Compared to the analysis of the potential profile during stripping, this last method

has the advantages of excluding the influence of the overpotential and of the discharge current on the

stripped charge.

Several non-destructive methods have been proposed to detect lithium plating in commercial cells. A

simple method that can be implemented on pouch cells is the measurement of the increment in the cell

thickness as a result of the lithium deposition [7]. The decrease of the thickness during the CV phase

was identified as the point where the re-intercalation (stripping+intercalation on graphite) of lithium is

the dominant effect. The irreversible plating can be studied also by observing the thickness difference

between a plated and a non-plated cell after relaxation. However, there is an error introduced by the

lithium plated inside the pores, as this doesn’t contribute to the thickness increase. Downie et al. used

in-situ calorimetry to detect the lithium plating onset in graphite/lithium half cells [60]. The authors

observed an exothermic transition, which was attributed to Li stripping during discharge, followed by

a strong endothermic transition which was associated to the complete lithiation of graphite. Zinth et

al. studied, by means of neutron diffraction, the transformation of the lithiated graphite compounds

during plating and stripping [6]. This indirect method allows studying the re-intercalation phenomena

through the evolution from LiC12 to LiC6 and vice versa. In the plateau observed at the beginning of

the discharge, the lithium stripping is the dominant process, as the decrease of LiC6 and increase of

LiC12 start just at the end of this plateau.

The C\A ratio is the relation between the reversible capacities of the anode and cathode. Theoreti-

cally, cells should be design with a C\A ratio of one. But at the end of charge, the OCP of the anode

is close to the plating potential (Ua < 0) and depending on the charge rates, this condition may be ful-

filled. A common strategy to avoid plating is to use lower C\A ratios between 0.85-0.95. However,

this means that higher cathode potentials are reached during charge, which might lead to electrolyte

oxidation and/or gassing. Some studies report the influence of the C\A ratio on the plating condi-

tions. Zhang et al. show that plating conditions (Ua < 0) are achieved during the CC charging step at

C-rates higher than C\7 at room temperature with a C\A ratio of 0.985 [61]. At low temperatures the

anode potential does not recover to 0 V versus Li+\Li, indicating that the plated lithium cannot fully

re-intercalate before the end of charge.
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The two strategies that can be used to reduce the C\A ratio are: increase of the thickness or of

the geometrical area\width of the anode. Tang et al. analysed the effects of both methods using

electrochemical simulations and found that the increase of the geometrical area is more beneficial,

as positions close to the edges are more prone to lithium plating [62]. Yang et al. also investigated

the effect of the anode thickness on degradation with an ageing model [63]. A faster degradation

of the cyclability for thicknesses over 50 µm due to lithium plating on these electrodes is observed.

Also Arora suggested that increasing the thickness has a negative effect on lithium plating during

overcharge. In his study, the plating conditions were achieved even at low C-rates for electrodes

thicker than 70 µm [64].

Reducing the particles size of the anode material could help avoiding lithium plating, as the concen-

tration polarization is correspondingly reduced. Moreover, the use of small particles results in an

increase of the electrode surface area, thus improving also the charge transfer reaction rate. However,

electrodes with higher interfacial surface area have higher capacity loss as a consequence of the en-

hanced SEI growth. Arora evaluated by means of electrochemical simulations the effect of particle

size on the onset of lithium plating. The deposited lithium was inversely proportional to the particle

size [64].

Other factors that contribute to lithium deposition are determined by the operating conditions:

• High-rate charging

• Low-temperature charging

• Cut off voltage

• Resting time

The main operating conditions that can affect lithium plating are: charge rate, temperature and cut-

off voltage. Other factors are the SOC at the charge begin and the resting time after charging, as

re-intercalation of the lithium plating might occur during this step.

The standard charging protocol used in Li-ion batteries includes a galvanostatic step (constant current,

CC) up to the cut-off voltage, followed by a potentiostatic step (constant voltage, CV). As expected,

limiting the cut-off voltage is one of the easiest ways to prevent Li plating when charging at low

temperatures or high C-rates. As the lithium plating condition depends on the anode potential, by

choosing a cut-off potential where the Ua > 0, lithium plating during the CV phase is also avoided.

Waldmann et al. studied in three-electrode cells the effect of reducing the cut-off potential at different

temperatures and C-rates [65]. At 45°C, no plating was observed when charging the cells at 3.5C

without reducing the cut-off potential from 4.2 V. However at 5°C, a limitation of the cut-off potential
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to 4 V and maximum C-rate of 0.75 C had to be used in order to prevent plating. However, there is a

limitation for the study of the Ua in 3-electrode configuration at high rates, due to the difference on

the negligible heating on these cells compared to the commercial 18650 or pouch cells and the higher

contact resistance from 3-electrode configuration cells.

Low temperature is also one of the main factors that contributes to accelerate the lithium deposition

process. Therefore, different heating approaches have been studied to prevent this problematic. How-

ever, heating of the battery by an external device is energy intensive and reduces the energy efficiency

of the system. Internal heating due to joule losses could be a more effective strategy, provided that

inhomogeneities don’t lead to ageing. Waldmann et al. investigated the temperature effect on the age-

ing rate of commercial cells and detected two different linear behaviours for temperatures over 25°C

and under 25°C which they ascribed to two different ageing mechanisms. The anode polarization

was measured in pouch cells with an assembled reference electrode. Under 25°C, the main ageing

mechanism was attributed to lithium plating [49].

The charging rate has also a direct effect on lithium plating, as the anode polarization is proportional

to the current by the Butler Volmer equation, and the concentration polarizations reduces the anode

potential at high C-rates. This is one of the limitations for the development of fast charging strategies

in lithium ion batteries. For fast charging applications, the use of smaller graphite particles was

proposed, although it has some disadvantages on the energy density and capacity loss due to the SEI

building. Lithium plating was also detected in aged cells that were cycled at room temperature [55].

In experimental measurements at 25°C, plating was found after cycling with C-rates higher than 1.5

C [65], however at -20°C the charge rate should be lower than 0.2C to avoid lithium plating [66].

The re-intercalation of plated lithium in graphite during the rest-time after charging, was observed

in several studies [6, 66, 67]. Lithium metal is not stable and oxidises, thus releasing lithium ions

that might intercalate in graphite, possibly through electrolyte mediation. Zinth et al. observed the

continuous transformation of LiC12 to LiC6 during 20 h in the resting time after charging at -20°C. In

a recent study, the same group [67] showed that the intercalation rate of the reversibly plated lithium

is constant and independent on the deposited amount. Fan et al. observed that, as expected, the

intercalation of the plated lithium in graphite is temperature dependent. After a resting time of 10 h

at room temperature, the discharge potential plateau was not observed, although it was observed after

a resting time at -20°C thus showing the limitation of this process at sub-zero temperatures.
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5.4 Charging protocols

There are different objectives that a charging protocol should pursuit:

• maximize the charged capacity

• maximize the energy efficiency

• minimize the charging time

• minimize degradation effects\maximize the battery lifetime

The standard charge protocol for Li-ion batteries is CCCV charging, consisting of a galvanostatic

step (constant current, CC) followed by potentiostatic step (constant voltage, CV). The first step ends

when the cell achieves a specific cut-off voltage, Umax. In the second step the potential is kept constant

at Umax, and the step ends when a defined cut-off current is reached. In order to reduce the charging

time, high currents should be used in the galvanostatic step as the second step is limited by the Umax.

The main degradation effect when charging with high C-rates will be lithium plating on the anode

electrode (see chapter 5.3) or the oxidation of the electrolyte solvents on the cathode electrode. These

effects will occur at high potentials in the cathode electrode and potentials below zero on the anode

electrode. Therefore different charging strategies were proposed in order to reduce the charging time

and at the same time avoid the conditions for which the degradation occurs:

• Boost charging, BC: consists on the use of high currents at the beginning of charge during a

specific time or up to a specific voltage followed by a CCCV step using lower current. Different

studies [68, 69] showed a faster charging without detriment on the lifetime when including

a boost step at the beginning of charge. Keil et al. [70] however showed the same results

on charging time and degradation using boost charging or CCCV at an intermediate current

between Iboost and Icc.

• Varying current decay, VCD: this method consists on the continuous decrease of the applied

current. Different investigations based on electrochemical models calculate the optimal cur-

rent profile which minimizes the charging time while increasing the charged capacity. While

numerical simulation studies proposed considerable time reductions using VCD models [71],

no improvements were achieved to reduce the charging time or the degradation over CCCV in

experimental studies using VCD protocols [72].

• Pulse charging, PC: Intermittent constant current profiles were proposed as strategy for re-

ducing the charging time. The CV step is avoided and the diffusion resistance is supposed to

decrease [70]. Experimental studies showed an improved lifetime and reduced charging time
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using pulse charging protocols over the conventional CCCV [73–75], whereas other studies

show no effect or even increased degradation if the same mean currents are employed [70, 76].

Purushothaman et al. concluded that if the frequency of the current pulses is kept constant, no

advantages over CCCV charging are obtained. Numerical simulations were used to develop

optimized pulse protocols using decreasing pulse currents. The model avoids anode potentials

were plating can deposit [77], but the model predictions were not experimentally validated.

• Constant current pulse charging, CCPC: This protocol has been proposed due to its easy

implementation, which does not need I or U control. However, this protocol might be detri-

mental to the battery degradation, as the Umax is continuously achieved in the pulses. However,

not detrimental effect have been observed on the lifetime when charging with CCPC or PC

protocols with a pulse duration lower than 1s, as the mean current and voltages are lower.

However, Keil et al. also did not achieved any improvement over the standard CCCV using

CCPC protocols with the same current [70].

• Mutistage constant current, MSCC: MSCC is a similar protocol to the standard CCCV, but

here the applied current is reduced in stages. Employing the same initial and final currents, the

MSCC protocol will be slower than the CCCV, due to the square form of the current. Small

improvements in the cycle life were achieved at room temperature with an optimized MSCC

compare to CCCV [78].

Different optimizations methods were proposed for minimizing the charge time, using as input vari-

ables SOC, T, SoH, etc... [79–82], but the effect on cycle life was not experimentally validated.

Charging at low currents at the beginning of charge due to the high charge transfer resistance in this

region using a MSCC protocol was proposed by Zhang S.S. [61]. However, they observed higher

degradation using this procedure than with a CCCV protocol with the same charging time.

5.4.1 Low temperature charging

At low temperature, the conditions for lithium plating are easily reached due to the high overpo-

tentials. Therefore, heating the battery will be advantageous to increase the charge transferred and

preventing lithium plating. Ji et al. investigated different internal and external heating methods and

evaluated the energy efficiency and heating time [83]. Internal DC heating was the least energy con-

suming method although not the fastest [84]. Internal self-heating during charging\discharging of the

battery is an interesting approach as no extra component is necessary. AC charging with an exter-

nal device was also proposed as alternative to convective heating [83, 85–87], due to its uniformity,

31



5 State of the art

and first results showed no detriment on the battery lifetime. Just a few studies focus on charging

Li-ion batteries at low temperatures. Hasan et al. proposed a fast charging protocol for sub-zero

temperatures based first on pulse charging, to warm up the battery at low SOCs, followed by a CCCV

step [88]. Their model predicts a temperature increase of 40°C, which can have a beneficial effect

on the charge capacity. Fan et al. studied different charging protocols at sub-zero temperatures and

fast capacity loss was observed with all charging strategies which employed currents higher than 0.2

C [66]. Remmlinger et al. used a reduced-order electrochemical model to include anode potential

control depending on the applied current [89]. The proposed charging protocol included a CC step

until Ua = 0, followed by a step where the Ua is kept in the limit to avoid plating by reducing the

current until the Umax of the cell is achieved. Finally CV at Umax is applied. The isothermal model

showed promising results on the reduction of the charging time at sub-zero temperature and first

experimental results did not showed high capacity loss.

In conclusion, although there is not a general consensus on which charging protocol can reduce the

charging time significantly without a higher contribution to the detriment of the battery lifetime,

some trends on the factors leading to faster degradation during charging at low temperatures were

established. As expected, a detrimental effect on ageing was observed when high charge rates were

employed. High C-rates just lead to a decrease of the transferred charge as Umax is reached faster.

Most investigations show increasing degradation with the C-rate, but in some cases the degradation

is not sensitive to the C-rate. This is probably due to the cell design or/and the use of conservative

cut-off voltages. The effect of high currents on cell degradation also depends on the battery SOC.

Some improvements were observed by using high currents at low SOCs. The negative effect of us-

ing high currents at fully discharge state of the battery (SOC < 5%) or high SOC (SOC > 70%) was

reported, and some promising protocols employ different currents depending on the SOC. Although

some strategies like pulses or boost were pursuit, no considerable improvement was observed if the

same mean current is employed. The effect of the cut-off voltage on degradation depends on the

cell design and the SOC of the cell. Some investigations showed almost no degradation when over-

charging to +50 mV with CCCV or +100 mV during BC. However, the use of commercial cells for

the studies, with different cathode materials, electrodes geometries and C/A ratios lead to scattered

results and contradictory correlations. Moreover, experimental investigations use different C-rate

combinations without a previous study on the lithium plating dependency on the C-rate. In order

to develop fast charging protocols which avoid the lithium plating onset and cathode overcharge,

electrochemical simulations that provide information on the specific characteristic of the individual

electrodes should be employed. They allow an easy evaluation of the lithium plating onset under dif-

ferent conditions. Promising results were obtained regarding charge time or/and efficiency, by the use
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of numerical simulation and optimization techniques using reduced-order models. However, most of

the studies use parameters from the literature and their results have not been experimentally validated

with commercial cells. At low temperature, internal self-heating of the battery could improve the

charging efficiency and reduce the charging time, but choosing the proper C-rate that will avoid fast

degradation due to plating is a critical factor. Heat generation also depends on the electrode material

employed (reversible heating). Experimental studies show massive plating when charging at -20°C

with different protocols. Only when measuring the experimental parameters for individual batter-

ies, numerical simulation can be used to determine which C-rate will have a positive heating effect

without achieving the plating conditions.

5.5 Modeling of Li-Ion batteries

Non-equilibrium thermodynamics have been proposed to model transport processes in electrochem-

ical systems [90–92]. The theory used to derive hydrodynamic equations for one component polar-

izable liquids [93] can be used for standard electrolytes in lithium ion batteries with at least three

components (positive, negative ions and the neutral solvent) by adding two constrains. First, is the

assumption of the lack of convective transport and therefore the centre of mass of the binary salt is at

rest.

M0 ·dc0 +M+ ·dc++M− ·dc− = 0 (5.1)

The second assumption is the charge neutrality in the spatial scale (>100 µm) as charge separation

may only take place on the diffuse double layer (10-20 nm).

ν+ · z+ · c++ν− · z− · c− = 0 (5.2)

The fundamental thermodynamic relation for a polarizable system in an external electromagnetic

field:

de = T ·ds+µ ·dc+~E ·d~D+ ~H ·d~B (5.3)

From the Maxwell equation and the general form of entropy [90]

∂te =−~∇ · (~q+ ~N+µ +~E× ~H)+R+~q ·
~∇T
T
−~j ·~E + ~N+ ·~∇µ (5.4)
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If we compare 5.4 with the conservation of total energy ∂te =−~∇ ·~Je the entropy production R results

R =−~q ·
~∇T
T
− ~N+ ·∇µ +~j ·~E (5.5)

The imposition of R≥ 0 establish a constrain in the relation between~q , ~N+ and ~j or the independent

variables used for the simulations c, T and φ .

Finally the expression obtained for the ionic, electrical and heat fluxes are:

~N+ =−D ·~∇c+
t+

z+ ·F
·~j− D · c · kT

T
·~∇T (5.6)

~j =−κ ·~∇ϕ−κ · t+−1
z+F

·
(

∂ µ

∂c

)
·~∇c−

(
β − 1

z+F
· ∂ µ

∂T

)
·κ ·~∇T (5.7)

~Q =−λ ·~∇T +β ·T ·~j+κT · c ·
(

∂ µ

∂c

)
·
(
~N+−

t+
z+F

~j
)

(5.8)

5.5.1 Heat transport

The thermal behavior of lithium ion batteries can be also modelled using thermodynamic relations

[90]. The temperature change in the lithium ion battery (5.9) will be due to the contributions of four

different heats: Joule´s heat, Thompson effect, heat of mixing and the Soret effect. The contributions

from the Soret and Thomson effect are very small [94] and in general can be neglected.

cpρ∂tT =~∇·(λ~∇T )+
~j2

κ
−T~∇·(β~j)+

(
∂ µ

∂c

)( ~N+− (t+/Fz+)~j
)2

D
−T~∇·(c

(
∂ µ

∂c

)
κT

T

(
~N+−

t+
z+F
·~j
)

(5.9)

From the expressions 5.6-5.9, the heat, mass and charge transport equations can be resumed as:

For the electrolyte:

∂tce =−~∇ · (De ·~∇ce)−~∇ ·
(

t+
z+ ·F

·~j
)
+~∇ ·

(
D · ce · kT

T
·~∇T

)
(5.10)

0 = ~∇ ·
(
κ ·~∇ϕe

)
−~∇ ·

(
κ · 1− t+

z+ ·F
·
(

∂ µ

∂c

)
·~∇ce

)
+~∇ ·

(
κ ·
(

βe−
1

z+ ·F
·
(

∂ µ

∂T

))
·~∇T

)
(5.11)
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cp,e ·ρ ·∂tT = ~∇ · (λe ·~∇T )+
~j2

κ
−T ·~∇ · (βe ·~j)+

(
∂ µ

∂c

)
·
(~N+− t+

F ·z+ ·~j)
2

De

−T ·~∇ ·

(
ce ·
(

∂ µ

∂c

)
· kT,e

T
·
(
~N+−

t+
F · z+

·~j
))

(5.12)

For the active particles:

∂tcs = ~∇ · (Ds ·~∇cs)+~∇
(Ds · cs · kT,s

T
·∇T

)
(5.13)

0 = ~∇ · (σ ·~∇φs)+~∇(βs ·σ ·~∇T ) (5.14)

cp,s ·ρ ·∂tT =~∇·(λs ·~∇T )+
~j2

σ
−T ·~∇·(βs ·~j)−z+ ·F ·

∂U0

∂c
·
~N2
+

Ds
+T ·z+ ·F ·∇·

(
cs ·

∂U0

∂c
· kT,s

T
·~N+

)
(5.15)

5.5.2 Multi-scale modelling

Different modelling approaches can be applied to study the behaviour of lithium ion batteries [95].

Depending on the spatial resolution, models go from the atomistic-molecular level to the macroscopic

level where a full cell or battery pack can be represented. Macroscopic models based on the porous

electrode theory [96] can predict the behaviour of a full cell and are commonly applied to evaluate dif-

ferent physical processes like transport, heat dissipation and charge transfer. The Newman approach

assumes that the active material is formed by spherical particles. Therefore, the equations above de-

fined are averaged in each volume element which consist of two phases: solid and electrolyte [92].

The percentage of each phase is given by the electrode porosity. The active material proportion (εs)

can be obtained from the electrode porosity ε and the percentage of inactive material (binders and

additives): εs = ε− εi. The electrolyte proportion (εe) can be obtained from εe = 1− ε . The follow-

ing equations will be implicitly solved in each volume element in the 3 dimensions and Eq. 5.13 is

calculated explicitly in a fourth dimension, as it represents the intercalation in a equivalent spherical

particle [92]. Neglecting the Thomson and Soret effect, the equations to be solved can be expressed

as:

Electrolyte - Diffusion and migration
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∂ce

∂ t
= ~∇(De~∇ce)−

a
Fεe

jse(1− t+) (5.16)

Electrolyte - Charge conservation and electroneutrality

a · jse = ~∇(κe ·~∇ϕe)+~∇κe · (1− t+) ·
RT
F
·~∇logce (5.17)

Active material - Diffusion and migration

∂cs

∂ t
=

1
r2 ·

∂

∂ r
(r2 ·Ds ·

∂

∂ r
cs) (5.18)

Active material - Charge conservation and electroneutrality

−a · jse = ~∇(−σs ·~∇φs) (5.19)

Butler Volmer equation

jse = j0 ·
(
sinh(φs−φe−Uo) ·

F
2RT

)
(5.20)

being j0

j0 = 2k
√

csce(cmax− cs) (5.21)

Heat transport

cp,s ·ρ ·∂tT = εs ·∇ ·
(
λ ·∇T

)
Vs
+ εe ·∇ · (λ ·∇T )Ve +a · jse ·η +a ·T · jse · (

∂U0 +µe/F
∂T

) (5.22)

Being a the surface area to volume ratio of the electrode that in case of spherical particles can be

defined as:

a =
3 · (1− ε)

Req
(5.23)

being Req the average radius of the particles. The boundary conditions between the solid electrolyte

phases is given by:
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~js ·~n = jse (5.24)

~je ·~n = jse (5.25)

~N+,s ·~n =
jse

z+F
(5.26)

~N+,e ·~n =
jse

z+F
(5.27)

and the thermal interface conditions [97]:

−λs ·~n · ~∇Ts +λe ·~n · ~∇Te =− jseηs−T jse ·
∂U0

∂T
(5.28)

The boundary conditions for solving equations 5.16 - 5.23 are:

−∂cs

∂ r
|r=0 = 0 − ∂cs

∂ r
|r=Rs,t = ji (5.29)

De f f ,i ·
∂ce

∂x
= 0 (5.30)

σe f f ,c ·
∂φs

∂x
= I φs|x=Lc+Ls+La = 0 (5.31)

κe f f ,i ·
∂φe

∂x
= 0 (5.32)

Initial conditions:

ce(x,0) = c0 (5.33)

cs,i(r,0) = cs,i,0 (5.34)

The interphase conditions between solid and separator:

−De f f ,sep ·
∂ce

∂x
=−De f f ,s ·

∂ce

∂x
(5.35)

−σe f f ,s ·
∂φs

∂x
= 0 (5.36)

−κe f f ,sep ·
∂φe

∂x
=−κe f f ,s ·

∂φe

∂x
(5.37)
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As a result of the volume averaging, some corrections on the model parameters are applied in order

to consider the effects of microscopic electrode geometry. The diffusion coefficient and ionic con-

ductivity in the electrolyte are influenced by the electrode geometry. The electric conductivity in the

active materials also depends on the electrode geometry. Therefore the effective parameters can be

obtained as:

θe f f ,i = θi ·
ε

τ
(5.38)

being τ the electrode tortuosity and ε the electrode porosity. Tortuosity is the relation between the

squared real length that a Li ion travels through the pores and the squared of the direct way. The most

common expression to calculate the tortuosity in numerical simulations based on the porous electrode

theory is the so-called Bruggemann relation:

τ =
1

ε1/2 (5.39)

Experimental investigations show that there is a deviation from the values obtained using the previous

equation [98]. Another expression which includes "non-cylindrical" diffusion paths was defined by

Carniglia [99].

τ =
√

2.23−1.13 ·Vpores ·δelectrode (5.40)
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6.1 Li-ion cells under study

Within the framework of this thesis, different commercial Li-ion cells were analysed. Table 6.1

summarizes the main cell specifications.

The cathode materials in the various batteries are: Lithium-Nickel-Cobalt-Manganese oxide (NCM)

in cells Nr. 1,2 and 4; Lithium-Nickel- Cobalt-Aluminium oxide (NCA) in cell Nr. 3, Lithium Iron

Phosphate (LFP) in battery Nr. 5 and Lithium Cobalt Oxide (LCO) in cell Nr. 6. The anode electrode

from cell Nr. 1 was characterized by optical microscopy and by Raman spectroscopy, in order to

study phenomenologically the lithium plating on graphite. Cell Nr. 2 was used for the accelerated

ageing experiment at 263 K and 1C. The complete characterization of the kinetic, transport and ge-

ometrical parameters was performed on cells Nr. 3 and 4. Accelerated ageing test at 263 K and 1C

and subsequent post-mortem analysis was carried out by inductively coupled plasma optical emission

spectrometry (ICP-OES) and by scanning electron microscopy (SEM). The onset of lithium plating

in both cells was also investigated by cycling at 273 K at various C-rates. Cell Nr. 4 was used for the

parametrization and validation of the electrochemical-thermal model in the meso-scale. The model

was validated with a modified commercial cell with an inserted reference electrode. Study of the

lithium plating onset in three-electrodes-configuration laboratory cells was also performed in cells 3,

and 4. Finally, different low temperature charging strategies were developed and tested in cell 4 at

273 K. In order to study the potential profile of the anode during the deposition of metallic lithium,

cycling experiments in half-cell configuration with the anode from cell 4 as working electrode and

lithium metal as counter electrode, were also performed. In these experiments, the cells were cycled

at 298 K and with various C-rates.

A significant part of this study concerns the experimental characterization of cells 3 and 4 (see Figure

6.1), which is required to obtain the input parameters for the electrochemical-thermal modelling using

the software BEST [100]. Various techniques were employed to determine the geometrical parame-

ters of the cell: image processing of cross section images taken by SEM microscopy, laser diffraction
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Cell Format Model
Nom. Capacity Energy Density

Ah Wh kg−1

1 Pouch SLPB78216216H 31 147.05

2 18650 ICR18650-22P 2.15 174.9

3 18650 NCR18650PF 2.8 222.96

4 Pouch SLPB834374H 2 148

5 Pouch LiFe V-MAXX 35C5 2 97.06

6 Pouch LiPo 517990 1.2 133.33

Table 6.1: Commercial lithium-ion batteries utilized within this work

and He pycnometry. Solid-state diffusion coefficients were also determined by potentiostatic and

galvanostatic intermittent titration technique (PITT and GITT, respectively). A new method is pro-

posed [101] in order to obtain the diffusion coefficients and the activation energies directly from GITT

measurements in commercial cells. GITT measurements and differential capacity analysis were con-

ducted on commercial cells 2 to 6. The GITT experiments were performed at various temperatures,

in order to estimate the activation energies for the active material’s diffusion coefficients in cells 2,3

and 4.
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Microscopy

BET

NMR

ICP-OES

GITT

PITT

EIS

µ-CT
(anode electrode)

Potentiostat

Cell 3

Cell 4

He pycnometry

Cell opening 
Sample 

preparation

Material 
identification

Geometrical 
Parameters

Other parameters

D=f(SOC,T))

k=f(SOC,T))

dUdT=f(SOC,T))

Uocv=f(SOC)

Porosity, particle 
radius, thickness

Cathode 
stochiometry max,sc

Laboratory cells: 
ECC Ref, EL-PATT, 

coin cellsElectrodes

El
ec

tr
o

ly
te

Figure 6.1: Parameterization process: Instruments and methods
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6.1.1 Cell opening, sample preparation and reassembly in laboratory cells

Commercial cells (pouch type format and 18650) were opened in a glove box under argon atmo-

sphere. All samples from both negative and positive electrodes were washed and dried under argon

atmosphere. Samples were soaked in dimethyl carbonate (MERCK SelectyLite™) for 60 min, re-

newing the dimethyl carbonate solution and soaking for another 30 min.

In order to obtain the average particle radius of cells 3 and 4, the washed and dried electrode materials

were completely removed from the current collectors by using a scalpel. The binder was dissolved

by using N-methyl-pyrrolidone (Sigma Aldrich). With regard on the cathode material of cell 4, ag-

glomerates were found in the laser diffraction test of the sample solved with NMP. A second test was

carried out using 1,1,1,3,3,3-Hexafluoro-2-propanol as solvent. After 24 hours, the active particles

were filtered in order to remove the binder and solvent.

For the BET and He pycnometry measurements, the electrode materials were removed with a scalpel

after being washed and dried. Therefore, the values obtained are referred to the composite including

the binder. In order to obtain the micro-computer tomography images (µ-CT), the electrode material

has to be separated from the current collector. After the opening of cell 3, some part of the electrode

coating was detached from the current collector. These pieces were cut with a scalpel in squares with

size of 0.5 mm width and 10 mm length. The samples were hold between two plastic grips. In the

case of cell 4, the double coated samples were soaked in nitric acid in order to remove the current

collector from the electrode material.

The electrode material was removed from one of the coated sides and, using a hollow punch, samples

of 18 mm (El-Cells) and 16 mm diameter (coin cells) were cut. Three types of laboratory cell config-

urations were employed for the electrochemical tests: ECC-Ref cell (EL-CELL ®), ECC-PAT-Core

(EL-CELL ®) and coin cells (Hohsen Co.). EL-CELLs were used for experiments requiring a three-

electrode configuration, (cathode material as working electrode, anode material as counter electrode

and metallic lithium as reference electrode). Coin cells were used for experiments requiring half

cell configuration (anode or cathode material as working electrode and metallic lithium as counter

electrode). Coin cells were used for the following experiments: determination of the cell balanc-

ing, GITT, PITT and determination of the entropic coefficient dU/dT. ECC-Ref cells were used for

the electrochemical characterization of the lithium plating onset and ECC-PAT-Core were employed

for the impedance measurements and the lithium plating onset in graphite half-cells. The difference

between the ECC-Ref cells and the ECC-PAT-Core regards the position and form of the reference

electrode. In the first case, a small piece of lithium is manually loaded. The reference electrode has

a point contact and is located laterally between working and counter electrode. The ECC-PAT-Core
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cell allows a higher reproducibility and stability of the metallic lithium as the reference electrode is

pre-installed in the insulation sleeve with a ring-shaped and a 100% binder-free borosilicate glass

(Whatman grade GF/B, thickness 260 µm, porosity 90.9%). The separators used for the ECC-Ref

cells were Whatman GF, thickness 1.55 mm and 18 mm diameter. 450 µl electrolyte were added to

each cell. Coin cells were built with the separator extracted from the commercial cell.

6.2 In-operando characterization techniques

6.2.1 Raman Spectroscopy

Raman spectra in the region between 1000 and 2000 cm−1 were collected using a Horiba Jobin Yvon

HR800 spectrometer. The spectral region was chosen in order to measure the reference graphene band

at (1580 cm−1) and the lithium carbide band (SEI element found on lithium metal) at 1850 cm−1. The

Raman spectrometer was equipped with a 532 nm laser and with a CCD detector. The detector

temperature was kept under 5 °C and a 0.3 filter for the laser beam was set-up. A x50 objective

was employed in the measurements, which means a multiplication of 1.4x100 the size of the image.

Confocal analysis was performed with a spatial resolution of 10x10 µm. This is suitable to obtain

the information from microscopic particles. Figure 6.1 shows the two different cell configurations

employed for the in-operando characterization by Raman spectroscopy and optical microscopy. Cell

configuration 1 was developed in a previous work from Hagen et al [102]. This configuration, allows

the in-operando optical evaluation of the cells in standard electrode configuration (against each other),

although just the electrode edges can be observed. Cell configuration 2 was designed, manufactured

and tested in half cells graphite versus lithium metal and symmetric lithium-lithium cells. These cells

have very long diffusion path between the electrodes (1 mm) which allows only investigation under

low current densities (C/50). Moreover the electrode set-up (parallel to each other) is different to the

standard conditions in commercial cells (two electrodes against each other) and therefore observations

when charging at specific C-rates and temperatures cannot be extrapolated.
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6.2 In-operando characterization techniques

c) a) 

b) 

Figure 6.2: a) cell design 2 with two lithium metal electrodes b) c) cell design 2 with the cilindric
contact bars to hold the electrodes

In order to investigate the presence of the lithium carbide band on the surface of metallic lithium

and on graphite, in-operando Raman spectroscopy measurements on lithium/graphite cells were per-

formed by using the optical cell type 1. Cells were discharged at C/10 from 0.4 V to 0.005 V and

Raman spectra were collected at different lithiation stages on both graphite and lithium electrodes.

The location of the measurements on the graphite and lithium electrodes was set at the beginning of

the test using the integrated optical microscope. Measurements were carried out every 20 minutes.

Lithium plating on the graphite electrodes was analyzed then by in-operando Raman spectra recorded

every 20 minutes during the CCCV discharge of the graphite electrodes (lithiation) using the optical

cell type 1. Cells were cycled using a Ivium CompactStat Potentiostat. The optical cell was assembled

in the glove box under argon atmosphere using electrodes extracted from the cell Nr. 1. The electrodes

were washed with DMC and the electrolyte employed was LP57 (1M LiPF6 in EC:EMC 3:7). The

optical cell was fixed on the movable sample table with 0.1 µm accuracy. The optical microscope

was used to select the measurement point. After long time measurements (hours), the signal from

the fluorinated compounds on the electrolyte did not allow to observe the graphite bands. The optical

microscopy measurements were performed with a Keyence VHX 100 microscope.
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6.3 Parameterization methods: material analysis

For the experimental parametrization of the electrochemical model, different experimental methods

were employed:

Material Identification

Nuclear magnetic resonance (NMR) measurements of the electrolyte were performed in order to iden-

tify the electrolyte mixture and confirm the data provided by the manufacturer. A piece of separator

was soaked on CDCl3 solution overnight. Tetramethylsilane was used as a reference. The 1H, 13C

NMR spectra were obtained with a Bruker Avance DPX 400 NMR spectrometer.

Inductive coupled plasma optical emission spectroscopy was used for the identification of the cathode

material stoichiometry, as this was not indicated by the manufacturer. The stoichiometry influences

the maximum lithiation degree of the electrode (cs,max= mol ·cm−3) which is a very important param-

eter as it defines the state-of-charge of the electrode (SOCi = cs/cs,max being i=anode,cathode). A

wrong estimation of this parameter would lead to a wrong estimation of the cathode potential profile

during charging. This would result also in a wrong prediction of the onset conditions for lithium plat-

ing. Indeed, the plating condition is defined as Uanode < 0V , being Uanode =Ucathode – Ucell . ICP-OES

allows quantification of the concentration of any specific metallic ion in an acid solution with very

high precision (error < 2%).

For the ICP-OES analysis of the cathode active material, the cathodic powders were etched in aqua

regia. The same sample preparation and the analysis parameters as in the work of Bach et al. were

utilized [55]. A Varian Vista-PRO optical emission spectrometer was used to analyse the solutions

containing the metal ions.

Geometrical parameters

The particle size distribution of active materials from cells 3 and 4 was measured with a laser diffrac-

tion particle size analyzer Microtrac S 350 Bluewave. The electrode´s thickness was measured with a

dial indicator Sylvac S_Dial Nano and the density of the solid material (active material + binder) was

determined with a helium pycnometer from the company Quantachrome (Ultrapycnometer 1200eT).

The porosity of the electrode was calculated through the relation between the electrode volume and

the solid material volume:

ε = 1−
ms
ρs

Ve
(6.1)
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For the evaluation of the geometrical electrode parameters, the electrodes were cut with a cross-

section polisher from Jeol IB-19510CP. In order to avoid the filling of the pores with the residual

material from the cutting and in order to improve the contrast, anode electrode samples were filled

with a two component resin from the company Wacker (ELASTOSIL RT 601) with vacuum infiltra-

tion. Images from the electrode´s cross-section were obtained by a Zeiss Supra 25 Field Emission

Scanning Electron Microscope. Two different detectors were used: the secondary electron detector

2 (SE2) and the quadrant back-scattered electron detector (QBSD). The second one allows a better

contrast in materials with high absorption, as example with cobalt in cathode electrodes. The accel-

erating potential (EHT) was always kept under 10 kV, as higher potentials would have led to a wrong

estimation of the electrode porosity.

For the determination of the anode porosity, measurements with a custom-built micro-computed to-

mography (µ-CT) scanner were performed by the team of Fraunhofer IIS in Würburg. It is based on a

high-resolution detector and a liquid-metal-jet X-ray tube. The latter is an electron impact X-ray tube,

where in comparison to common sources the solid anode is replaced by a liquid one. This allows a

higher electron power density and thus leads to shorter exposure times.

6.4 Parameterization methods: electrochemical characterization

techniques

Diffusion, cell balancing, and entropic coefficient measurements were performed with a cycling sta-

tion EnergyStorageDiscover from the company Scienlab eletronic system GmbH. Previous to each

experiment, the cell capacity was tested during 5 cycles CCCV charge, CC discharge with C/10 rate

at 298 K.

6.4.1 Galvanostatic intermittent titration technique - GITT

This technique is used to calculate the diffusion coefficient in the active material. The method, pub-

lished in 1977 by Weppner and Huggins, is based on the application of galvanostatic pulses followed

by a relaxation step [103]. The steady-state potential increase (∆Es) and the transient cell potential

(∆Et) (see Figure 6.3) are used to obtain the diffusion coefficient:

D =
4

π. · τ
· (∆Es

∆Et
)2 ·L2 (6.2)

45



6 Instruments and methods

Where τ is the pulse duration and L is the diffusion length. The diffusion length is the maximum dis-

tance that a lithium ion can cover during the pulse duration. Therefore, assuming spherical particles,

L has been often defined as the particle radius. Other common approach to obtain the diffusion length

is using the interfacial surface area of the electrode and the mass from the active material:

L =
mb ·Vm

Mb ·S
(6.3)

Or assuming spherical particles, the previous expression can be determined again by the particle

radius:

L =
Ve · ε

S
=

R
3

(6.4)

Expression 6.3 is commonly used and the electrode surface is measured with Brunauer, Emmett and

Teller method (BET) [104]. However, it is difficult to determine which part from the whole surface

participates in the electrochemical reaction, i.e. the BET area may not correspond to the electrochemi-

cally active surface area. BET values include not only the geometrical surface but also the micropores

surface which, depending on their size, may not be accessible by the electrolyte. Pfaffmann et al. es-

timated the electrochemically active surface area using OsO4, and obtained diffusion coefficients for

graphite one order of magnitude higher than by using BET values [105]. Still, the diffusivity values

obtained for graphite electrodes vary between 10−14 and 10−17 cm2s−1, much lower than the values

reported 10−8 and 10−11 cm2s−1 when the particle radius is used [106]. Reported values for the diffu-

sion coefficients of active materials vary by several order of magnitude [16]. The scattering depends

mainly on which values are used for the diffusion length [107].

The intermittent titration technique methods are based on the one dimensional Fick´s law of diffusion

and they assume that ohmic losses, reaction kinetics, double-layer charging, and phase transformation

do not contribute to the transient voltage increase (∆Et). [95]
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6.4 Parameterization methods: electrochemical characterization techniques

Figure 6.3: a) Cell potential versus time during a GITT experiment. Points identified by the algorithm:
E1-E5 b) Determination of E2 at the beginning of the pulse by d2Udt2

The duration of the pulse τ was set to 600 s, small enough so that the following condition remains

valid: τ << L2

D . Between each pulse, the cells were left one hour resting, in order to reach equilibrium.

In all measurements, dUdt−1 was lower than 5mV h−1 for the last 720 s. The current pulse was of

C/10, in order to prevent the contribution of reaction kinetic effects on ∆Et .

The identification of the potentials E1 to E5 (see Figure 6.3) in each pulse was performed by means

of a matlab algorithm. The current derivative allows determining the points E1 and E5 and the second

derivative of U vs t was employed to determine E2 to E4. The ohmic drop at the beginning of each

pulse (E2 – E1) corresponds to the instantaneous potential recover at the end of each pulse (E3 – E4).

The steady-state potential or the potential variation due to the GITT pulse ∆Es = E5−E1 and the

transient cell potential due to diffusion polarization ∆Et = E3−E2 can be replaced in Eq. 6.2. As it is
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considered that the transient potential is just due to concentration polarization, the determination of E2

excluding charge transfer overpotential effects is essential. During the phase transitions, local minima

on the diffusion coefficient might be spurious due to the kinetic effects affecting the polarization [108].
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Figure 6.4: GITT experiment on the anode of cell 4 at 298K a) IR drop of each pulse b) Voltage
variation in the last 720s previous to E5

As the diffusion coefficient was employed on numerical simulations of the charge step, the titration

technique was applied during the charging process.

6.4.2 Potentiostatic intermittent titration technique - PITT

PITT consist of small potentiostatic pulses followed by a relaxation step. The diffusion coefficient

can be determined from the time dependent current for long waiting times [109]:

D =
4

π2 ·L
2 · ∂ ln I(t)

∂ t
(6.5)

Being L the diffusion length. This expression is obtained from the derivation of the Fick´s second

law, assuming one-dimensional ionic transport. It is assumed that the dC/dt(x = L) = 0, being L the

diffusion length.

In both methods, the diffusion coefficient is proportional to the square value of the diffusion length.

Therefore, in both methods the determination of this value is of significant importance on the esti-

mation of the Dcoe f f . Another source of inaccuracy is the superimposition of kinetic and diffusion

contributions to the overall polarization. In GITT, the selection of E2 determines this source of error

and in PITT, the region where the slope is calculated. The different processes participating in the
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Figure 6.5: a) Zones to calculate the slope of the logarithm of the current in a potentiostatic step b)
Diffusion coefficient calculated by the slope of each different zone

potential variation: ohmic drop, charge transfer kinetic and diffusion can be generally differentiated

by the corresponding characteristic time scale.

Levi et al [110] identified four different regions on the current response of graphite during a poten-

tiostatic titration step. The diffusion coefficient was calculated in the last region, where just diffusion

is contributing to the overpotential. A matlab algorithm was developed that enables the separation of

each potential step into 6 different zones, where the slope of the logarithm of the current is calculated.

The diffusion coefficient was determined in the last region, but controlling that the differences with

the previous regions are small (range 1 and 2 from Fig 6.5).

Different amplitudes for the potential steps were employed in the titration steps. In the region where

most of the phase transitions occur, a potential step of 5 mV was used. Outside this range, 10 mV was

employed. The time waited for equilibration was controlled by the current, so that the final current

was lower than 5% the maximum current.

A disadvantage of PITT is that the ohmic voltage drop in the bulk electrolyte, which varies with time,

cannot be disregarded from the imposed voltage difference. In GITT, this effect is eliminated by

subtracting the IR drop from the transient voltage ∆Et [109].

Finally, the diffusion coefficient as a function of the state-of-charge was interpolated by using the

pchip function from matlab.
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6.4.3 Impedance Spectroscopy-EIS

The main advantage of impedance spectroscopy is the possibility to discriminate different physical

processes into different components of an equivalent circuit. The main disadvantage however is

the compromise between simplicity and accuracy when it comes to separate the highly non-linear

response of electrochemical systems [111, 112].

Impedance spectroscopy is a powerful tool that can be used to characterize individual battery com-

ponents or in-operando full cells. In this work, EIS was employed to study the charge transfer in the

active material.
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Figure 6.6: Impedance spectra of a Li-ion battery, based on [111]

Different equivalent models have been proposed [112] but a commonly used form is the one presented

in figure 6.6. More RC sub-circuits could be added in the middle frequency to include all kinetic

features, but the complexity of the model parametrization also increases. Moreover, when EIS is

employed to calculate just one parameter, as in this work, the model should be as simple as possible

even if it leads to worse fitting in other frequency areas that are not of interest [111].

Figure 6.7: Equivalent circuit of a Li-ion battery, based on [111]
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6.4 Parameterization methods: electrochemical characterization techniques

L is the inductance, R1 is the ohmic resistance associated to fast processes like electrolyte resis-

tance, but also electronic contact resistance. It is electrically modelled by an ohmic resistor. The

mid-frequency semicircles account for the resistance of the SEI, charge transfer and double layer ca-

pacities. They are modelled by a resistor connected in parallel to a constant phase element (CPE).

A CPE is characterized by a generalized capacity Θ and by a depression factor ψ . The impedance

resulting from the parallel connection of a resistor and a CPE is defined as [112]:

ZCPE =
1

1/R+( jw)ψ ·Θ
(6.6)

In the middle frequency region, the first semicircle is associated to the resistance of the insulating

layer, the so-called solid electrolyte interface (SEI). It is more prominent in the anode electrode and

its growth has been studied by EIS to evaluate the battery ageing. The second semi-circle is associated

to the charge transfer resistance Rct of the Li ions from the electrolyte to the electrode. Finally, at low

frequencies the diffusion arm is modelled by a Warburg element.

Potentiostatic impedance spectroscopy measurements were performed with a potentiostat VMP-300

from the company Biologic. As cells, EL-CELL ECC-PATs in three electrode configuration (graphite

vs cathode electrode from cells 3 and 4, with a Li reference electrode) were used, with borosilicate

glass fibre membrane of 260 µm thickness as separator. The spectra were collected between 200 kHz

and 10 mHz, with signal amplitude of 2 mV. The measurements were repeated at different tempera-

tures (298, 288, 278 and 273 K) and different states of charge (10 % to 100 %, 10 points). In order to

reach the equilibrium, the cells were firstly charged at C/10 to the maximal voltage (4.2 V and hold

at constant voltage for one hour), and 5 hours were waited at each SOC.

6.4.4 Entropic coefficient

The entropic coefficient (dU/dT) was measured for the individual electrodes of cells 3 and 4. Labora-

tory cells in two different configurations were assembled: ECC Ref cells in 3 electrode configuration

for cell 3 and coin cells in half cell configuration vs lithium metal for cell 4. As the entropic coeffi-

cient was used as an input parameter in the model, the objective was to obtain the dU/dT dependence

on the SOC. The cells were charged at various SOC (10% intervals) and the equilibrium potential was

collected after 5 hours equilibration time. The measurement was repeated in the temperature range

between 20 °C to 0 °C, at intervals of 10 °C. In the case of cell 4, only the interval from 20 °C to 0

°C was explored. The same procedure was also used with commercial 18650 cells and with pouch

cells, in order to compare the full cell potential variation with the temperature. Finally, the entropic

coefficient function of the state-of-charge was interpolated using the spline function from matlab.
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Figure 6.8: a) Anode potential variation with temperature for SOC = 0% b) Equilibrium potential
variation of the anode electrode with temperature

6.4.5 Differential capacity and open circuit potetial

In order to determine the electrode utilization, differential capacity analysis was performed. This

method provides information about the phase transitions of the individual electrodes, similarly to

cyclic voltammetry. In order to better identify the phase transitions, cells were charged at a very low

C-rate (C/33). Differential capacity analysis was carried out on commercial and custom half cells.

dUdQ−1 =
U(t2)−U(t1)
Q(t2)−Q(t1)

(6.7)

In order to avoid amplified noise, the original data were filtered, selecting just the data with dU > 5

mV. The open circuit potential was also determined by the potential curve during charge at C/33. The

SOC function of the individual electrode was fitted using the pchip function of matlab.

6.4.6 Lithium plating investigations

The plating onset study was carried out with laboratory cells, which were built under argon atmo-

sphere by using cathode and anode materials from cell 1. The cells were charged with constant

current–constant voltage protocol (CCCV) and discharged at constant current CC to Umin. The

charge\discharge currents during the CC step were: Ilade = 1C, C/5 and C/10 and the CV step ended

when I < 0.1 · Ilade at 298 and 273 K. Finally, an ageing test was performed with the same protocol at

273 K and 1C rate to evaluate the lifetime performance.

52



6.4 Parameterization methods: electrochemical characterization techniques

The effect of the resting time after charge on lithium plating was investigated on commercial cells 2

and 3 (see cell’s description in section 6.1). The cycling conditions were: CC charge until Vmax with

Icharge = 1C rate, followed by a CV step until I < 0.1 · Icharge at 263 K. On cell 2, different resting time

t= 0.16, 1, 2, 5, 10 and 24 hours were waited before discharge at 1C rate.

The effect of the temperature on lithium plating was investigated on commercial cells 2 and 3. The

cycling conditions were: CC charge until Vmax with Icharge = 1C rate, followed by a CV step until

I < 0.1 · Icharge. No resting time was waited before discharge at 1C rate.

6.4.7 Model validation

The model validation was performed on the cell-type 4 using pristine cells and customized cells,

where a reference electrode had been inserted. Lithium metal was first placed inside the tip of a

medical cannula, where a copper cable had been previously assembled and sealed. The reference

electrode was placed at the cell bottom (between the cell case and the stack) and it was fixed and sealed

with epoxy resin-based two-component adhesive UHU plus endfest 300. The reference electrode was

positioned in correspondence of the half of the cell thickness. The potential stability was controlled

by measuring the open circuit potential in an interval of 24 h. The whole operation was performed in

the glovebox, under argon atmosphere. Cells were charged galvanostatically (constant current, CC)

between 3.0 and 4.2 V at different C-rates (C/10, C/4, C/2, 1 C) and at different temperatures (298 K,

288 K, 278 K and 273 K). The charge was completed at constant voltage (4.2 V), with a cut-off current

of one tenth of the C-rate. The test was performed with a Maccor 4000 battery tester (96 channels)

and the temperature was controlled with a Vötsch VT7021 climate chamber. The cell temperature

was measured by attaching one thermocouple to the cell case. A thermal conducting paste WLPF 50

was used between the thermocouple and the cell surface.

6.4.8 Ageing test and Post-mortem techniques

The tests were performed with a Maccor 4000 (96 channels) and the temperature was controlled with

a Vötsch VT7021 climate chamber. The cells were charged with CCCV protocol and discharged with

CC protocol, within the potential window provided by the manufacturer and with Icut−o f f = 0.1 ·Icharge

in the CV step for 50 cycles. The following C-rates were used: C/10, C/3, C/2 and 1C.

After the ageing test, the discharged cells (at temperature and C-rate conditions of the test) were

opened in the glove box under argon atmosphere.
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Figure 6.9: Samples for ICP-OES analysis from aged cell 3

Samples for the ICP-OES were chosen from the plated regions (see Fig 6.9). ICP-OES was also

employed to determine the lithium quantity in the anode. This method can be used as a quantita-

tive method for calculating the plated lithium. The ICP-OES measurements of lithium and copper

were performed. The mass of copper per cm2 was measured and this allows estimating the area-

concentration of lithium, in g(Li) · cm−2 or in mAh · cm−2. In this way, a correlation between the

capacity loss and the concentration of lithium in the sample can be established. The measurements

were performed with a Varian Vista-PRO optical emission spectrometer with uncertainty < 2% for

main elements and < 5% uncertainty for elements with an absolute concentration < 0.2%.

After the cell opening in the glovebox under argon atmosphere, 24 hours were waited for the evapo-

ration of the electrolyte. Samples were cut and transported under inert atmosphere to the Zeiss Supra

25 Field Emission Scanning Electron Microscope. In order to transport the samples under vacuum,

a customized sample holder was used. The sample holder opens when vacuum is established in the

microscope chamber. The secondary electron detector 2 (SE2) was employed with a EHT of 5 kV.

6.5 Electrochemical simulations

All the simulations in this work were performed with the software BEST (Battery and Electrochem-

istry Simulation Tool [100]) which is a finite volume implementation of the thermodynamic transport

model described by Latz and Zausch [23]. The geometry was built with the Battery Geometry Gener-

ator from BEST. The time step was 10 s and the output interval was 120 s. The simulations performed

within this work were in the mesoscopic model including the thermal module. The boundary con-
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ditions at the cell faces and the tabs were T = Tamb. The simulations performed include a constant

current step followed by a constant voltage (CCCV). In the CC step, the boundary condition is the

applied current. This value determines the current density applied to the active material through the

current collector surface. When the cell potential achieves the threshold voltage Umax, the boundary

condition of constant Uanode is established at the negative tab. The boundary condition of constant

heat transfer coefficient for the entire surface was assumed. Table 6.2 following parameters were

given as function of state-of-charge and temperature:

Parameter Variable Component Reference

UOCP SOC, T An, Cat Measured

Ds SOC, T An, Cat Measured

De SOC, T Electr, sep [113] *

κe SOC, T Electr, sep [113] *

Table 6.2: Input parameters as function of temperature and SOC in the model and their dependence

Based on the geometrical data of the cell in this study, and in order to reduce the computational time,

two different geometries were used. The first model uses a single layer sandwich geometry with the

equivalent capacity and area of the 56-layers pouch cell. It allows to reduce the number of voxels, as

shown in Table 6.3. The full scaled model represent the commercial cell configuration including 56

doubled-coated layers. Figure 6.10 shows the mesh used in the full scaled model. Choosing a smaller

voxel size in the y-z direction did not show significant results on the model predictions.
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Figure 6.10: Mesh used for the Full-scale model of cell 4
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Single-

Layer

Model

Full-Scale

Model

Cell of

Interest

Number of Layers 1 56 56

Thickness Anode Layer / cm 0.0048 0.0048 0.0048

Thickness Cathode Layer / cm 0.0034 0.0034 0.0034

Width Anode Layer / cm 27.0 4.0 3.9

Width Cathode Layer / cm 27.0 4.0 3.8

Length Anode Layer / cm 48.0 6.0 6.2

Length Cathode Layer / cm 48.0 6.0 6.1

Volume Fraction Anode / % 0.579 0.558 0.556

Volume Fraction Cathode / % 0.468 0.451 0.451

Volume Anode Material / cm3 3.602 3.602 3.602

Volume Cathode Material / cm3 2.062 2.062 2.062

Full Capacity Anode / Ah 2.692 2.692 2.692

Full Capacity Cathode / Ah 2.685 2.685 2.685

Voxel Size x-Direction / cm 0.0001 0.0001

Voxel Size y-Direction / cm 3.0 0.5

Voxel Size z-Direction / cm 4.0 0.5

Number of Voxels 13392 615920

Table 6.3: Input parameters used in the single scale, full scale model and the parameters from the
Li-ion cell 4
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7.1 Experimental investigations of lithium plating

7.1.1 Micro-scale investigations of lithium deposition

The objective of this study was to establish a method that could detect the deposited metallic lithium

on the graphite anode of Li-ion batteries. In-operando methods reported so far cannot detect local

plating, but can indicate indirectly the presence of plated lithium by measuring from the electrode

thickness, the heat released or by characterizing the formation of the composition of the graphite

intercalation compounds (GICs) [6, 7, 60]. Post-mortem analysis is employed to detect the lithium

deposition at the end of the battery life, but these tests are very time consuming and the results

may be affected by the SEI growth during cycling due to the increase of the electrode resistance.

In this study, lithium deposition was studied in-operando by optical microscopy and by vibrational

spectroscopy (µ-Raman). Two different optical cells were used for this purpose (see section 6.2.1) .

Optical microscopy

Optical microscopy was used to study the dendrite growth in batteries with metallic lithium as an-

ode [114–116]. The morphology of the deposited lithium can be moss-like, granular or dendritic

(needle-like) [4]. In particular, lithium dendrites can easily punch the separator provoking short-

circuits. The type of morphology of lithium deposits depends on several factors like the charge

current, the chemical and physical characteristics of the SEI, electrolyte composition and the surface

morphology. The deposition mechanism on graphite may differ from the one on metallic lithium, as

graphite has a distinct electrode surface and SEI [4]. The objective of the in-operando optical mi-

croscopy measurements was to study the lithium plating mechanism on graphite and to evaluate the

safety risk due to dendrite growth (needle-form deposition). The plating behaviour of two different

graphite electrodes was investigated: the first electrode was extracted from cell 1, after disassembling

the cell under argon atmosphere. The second electrode was obtained by a commercial supplier of

graphite electrodes.
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c) Graphite during the CV step at 4.7 V (cell voltage) at 

273 K, image taken at window A. 
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f) Post-mortem analysis: graphite surface after overcharge 

test CC-CV at 1C , 4.7 V as cut-off voltage. Homogeneous 

surface observed with coexistance of the three phases.   
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d) Graphite during the CV step at 4.7 V (cell voltage) at 

273 K, image taken at window B. 
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Figure 7.1: Microscopy investigation of graphite electrode edge with cell concept one
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It has to be noted, that this kind of investigation is affected by some limitations. Cell configuration

1 (see Fig. 6.2) has very long diffusion path between the electrodes (1 mm) which allows only

investigation under low current densities (C/50). Moreover the cell set-up, with the two electrodes

parallel to each other, is different from the standard conditions in commercial cells and therefore

observations when charging at specific C-rates and temperatures can not be extrapolated. On the

contrary, cell configuration 2 allows studying the cell in standard electrode configuration (against each

other), although just the electrode edges can be observed. During the cell disassembling, significantly

higher amount of lithium plating were found in the cell center than on the edges, and therefore, the

dendrite growth until short-circuit could not be observed at the edge. In order to observe lithium

plating at the cell edge, overcharging of the cell up to 4.7 and 5 V was necessary.

Differences on the deposited lithium were observed not only between the cell center and the edges

but also between the two edges of a cell. As the optical cell one has two windows, significant inho-

mogeneities were found on the plated surface (see Fig 7.1 c-d). While the electrode edge observed

from window A shows only plated lithium on the particles close to the separator, the observation from

window B indicates the presence of a silver coloured layer over the whole electrode volume. This

indicates that, although the onset of plating starts on the particles close to the separator, the possible

shift of the graphite electrode favours the deposition on one of the two edges due to the resulting

shorter path between the two electrodes. The lithium deposition on non-overlapping anode edges was

already reported by [56]. However, most commercial cells have an overlapping anode about 1 mm

longer than the cathode, which should avoid this effect. Nonetheless, inhomogeneous lithiation was

also found through the electrode after charging the cell at room temperature. Fig 7.1a) shows the

graphite electrode at the end of charge (CV step to 5 mV against Li metal), where in the 10µm close

to the current collector phases II and III of graphite were observed. During CCCV overcharge with 1

C-rate at 298 K to 4.7 V using the electrodes from the commercial cell 1, stronger spatial variation on

the lithiation degree of graphite was found. Figure 7.1b) shows an area with larger thickness (eventu-

ally due to the cutting) presenting different lithiation stages of graphite (phases I-III) during the CV

step at 4.7 V while on the areas close to the separator and on the current collector lithium was already

deposited.

Preferential deposition of lithium on the areas close to the separator is expected as the distance be-

tween electrodes is shorter. However, lithium deposition was also found on the current collectors (Fig

7.1 e). This can lead to even more dangerous short circuits if they contact the cell positive tab. Due

to the high conductivity of the copper current collector, if the dendrite reaches the aluminium current

collector, higher current will flow due to the low resistance. Lithium deposition on the copper current

collector was already observed on aged commercial cells by neutron depth profiling [117].
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a) b) 

10 µm 10 µm 

Figure 7.2: a) Graphite during the CV step at 4.7 V (cell voltage) at 298 K b) Same image after
discharge to 3V, plated area remains

During the first cycle, non-reversible plating was observed after overcharging to 4.7 V (see Fig 7.2

a-b). In this case, lithium plating was found next to a low-lithiated graphite particle, which might be

electrically isolated (black coloured). The plated area is also observed after cell discharge to Umin.

Figure 7.3 shows the end of the 4.7 V CV step during charging at 298 K. The de-intercalation at one

of the cell edges was observed (the Li+ ions diffuse from the high lithiated region to the less lithiated

ones). Harris et al. [118] also observed the spatial variation of the graphite phases from the electrode

edge (close to Li metal electrode, phase I gold particles) to the current collector (less lithiated zones,

black-blue phase III or lower).

a) b) c) 

Figure 7.3: Graphite during the beginning of the CV step at 4.7 V (cell voltage) at 298 K b) same
position after 2 minutes c) after 4 minutes
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Figure 7.4: Zoom of previous image. Plated areas decrease due to re-intercalation of Li during the
CV charge step

Finally, the stripping of the plated lithium and intercalation from figures 7.1 c-d took place after

twenty-four hours. When the cell was opened and observed within a glass set-up under inert atmo-

sphere, the plated zones were not present (see Fig. 7.1 f). Re-intercalation of the plated lithium was

also observed on another position of the electrode during the CV step at 4.7V. Figure 7.3 and 7.4

shows how in only four minutes, at room temperature, the stripping of a plated area and intercalation

into the graphite electrode took places. Figure 7.4 show a decrease or disappearance of the plated

areas (circle). However, the plated areas on both sides of the marked regions remain unchanged.

The main conclusions from the microscopy investigation studies can be summarized as follows:

• The inhomogeneous lithiation of the graphite electrode was optically observed. In particular,

the electrode thickness, electrode alignment, the presence of electrically isolated particles, the

geometry of the electrodes edges appear to affect the plating behaviour. (Fig 7.1 a-b)

• Lithium plating starts preferentially on the areas close to the separator and on the current col-

lectors (Fig 7.1 b,c,e)

• The plated areas (Fig 7.1 c-e, 7.2-7.4) were not observed during the post-mortem analysis (Fig

7.1 f), thus confirming that all the plated lithium dissolves and intercalates in graphite during

24 hours of resting time at room temperature. Re-intercalation was also observed in-operando

(Fig 7.3-7.4), at the end of the charge CV step.

µ-Raman spectroscopy

This chapter describes the use of in-operando µ-Raman spectroscopy for the study of inhomogeneous

lithiation during the charge and discharge process on Li-ion batteries. The idea was to identify an SEI

component that a) is present in the SEI formed on metallic lithium but not in the graphitic SEI and b)
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is detected by Raman spectroscopy. A good candidate for this purpose is lithium carbide, Li2C2. In

a previous study, a signal assigned to lithium carbide [119] was detected by Raman spectroscopy at

1845 cm−1 on the surface of bulk lithium and on Li deposited on Cu [120]. Although the formation of

Li2C2 requires high activation energy (triple bound), the energy of the Raman laser could lead to this

formation [119], also due to the heat released by the laser irradiance. Naudin et al. also reported that

this band appeared when the laser irradiance was higher than 1 mWµm−2. Panitz et al also observed

the appearance of a band at 1850 cm−1 during lithiation of graphite at 5 mV [121]. Although they

did not assign it, the band was only observed on the surface close to the graphite and not in the bulk

electrolyte. This reinforced the argument that the origin of the band is the SEI of metallic lithium and

not the decomposition of electrolyte.
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Figure 7.5: In-operando Raman spectra during CCCV discharge of graphite from 800 to 5 mV of b)
on the metallic lithium surface c) on the graphite surface a) Potential curve

The study was performed as described in the experimental section of Raman spectroscopy 6.2.1.

Figure 7.5 b) shows the in-operando Raman spectra of Lithium during CCCV discharge from 400

mV to 5 mV. The band at 1850 cm−1, which is assigned to the symmetric stretching of the carbon-

carbon triple bond [120] is always present. Figure 7.5 c) shows the in-operando Raman spectra of

graphite during CCCV charge from 400 mV to 5 mV. The band at 1850 cm−1 is not observed.

As the measured band could be due to elements from the electrolyte, these results show that the origin

of the band is a SEI product from Lithium metal, not present on the graphite SEI.

Raman spectroscopy is commonly employed to study the lithiation stage of graphite through the E2g

band at 1580 cm−1. This band arises from the stretching of the C-C bond in graphite. During lithiation

and delithiation of graphite, the band splits into two components, which are associated to the interior

and boundary graphene layers, at high and low wavenumber respectively. The interior graphene layers

are two adjacent graphene layers and a boundary layer is adjacent to a lithiated graphene layer [121].

Another band associated to graphite is the D-mode at 1355 cm−1, which is associated to the disordered
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Figure 7.6: a) In-operando Raman spectra on the graphite surface

structure of graphene [122]. Figure 7.6 shows the identification of the bands present in the spectra

measured in-operando on the graphite surface during lithiation. All the bands could be identified from

the literature (see Table 7.1)

Spectrum Assignation References

1068 Electrolyte compound [121]

1223 Electrolyte compound [121]

1355 Band D-Graphite [122]

1447-57 Electrolyte compound [121]

1483 Electrolyte compound [121]

1580 Band G-Graphite [121–123]

1748 DMC from Electrolyte [121]

1773 EC from Electrolyte [121]

1797 EC from Electrolyte [121]

Table 7.1: Band positions and assignation from the spectra in Fig. 7.6, during the lithiation of graphite

Fig. 7.7 shows the Raman spectra acquired during an overdischarge test on graphite at C/10, room

temperature down to -5 mV. Raman spectra were taken every 15 minutes at the same position. Fig. 7.7

b) shows the appearance of the band at 1850 cm−1 (blue line) coinciding with a significant decrease
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of the intensity of the graphite bands D and G at 1355 and 1580 cm−1, respectively. Figure 7.7 c)

shows the spectra after the appearance of the band at 1850 cm−1. The band is present in all the

measurements performed during the two hours CV step at -5 mV. The graphite bands are not present

in any measurement. Fig 7.7 a) shows the previous spectra to the arise of the band at 1850 cm−1. Here,

the splitting of the G band of graphite is observed, with the division into two peaks from interior and

boundary layers [121]. In addition, a shift to lower wavenumbers with increasing lithiation degree is

also observed.

Further overdischarge tests on graphite with 1C in CCCV mode (constant current of 1C, cut-off

potential at -5mV) were performed to study the effect on the band at 1850 cm−1. The tests indicate a

decrease of the Li2C2 band at 1850 cm−1 due to Li intercalation in graphite at low currents at the end

of discharge (Figure 7.7).

1,200 1,400 1,600 1,800

Wavenumber / cm−1

In
te

ns
ity

/a
.u

1,200 1,400 1,600 1,800

Wavenumber / cm−1

Graphite
Lithium

1,200 1,400 1,600 1,800

Wavenumber / cm−1

Figure 7.7: In-operando Raman measurements during CCCV discharge of graphite until -5 mV. a)
Raman spectras including the peaks from the graphite bands D and G b) appearance of
the peak at 1850 cm−1 during the CV phase at -5 mV and decrease of the graphite bands D
and G (black) and previous measurement (blue) c) Raman spectras during overdischarge
at -5mV with the peak at 1850 cm−1

In-operando Raman spectroscopy was used to directly observe SEI formation on graphite. Following

the indication of several literature sources, the signal at 1850 cm−1 was assigned to the formation

of lithium carbide Li2C2 [119]. In previous reports, this signal was detected on the surface of bulk

lithium and on the Li deposited on copper [120,124]. In this work, the signal at 1850 cm−1 was found

on the lithium metal electrodes during the first charge and discharge cycle of 3 three samples and on

the graphite surface after overcharging to -5 mV.

Further overcharge test with 1C in CCCV mode (1C, cut-off -5mV) was performed to study the

variation of the band at 1850 cm−1. Fig 7.8 shows the decrease of the Li2C2 band at 1850 cm−1 due

to Li intercalation in graphite at low currents at the end of charge.
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Figure 7.8: In-operando Raman measurements on the graphite surface during discharge with 1C in
CCCV mode (1C, cut-off -5mV). Decrease of the Li2C2 band at 1850 cm−1 due to Li
intercalation in graphite at low currents at the end of charge

In conclusion:

• The special in-operando Raman test cell allows the study of inhomogeneous lithiation (by

means of the D and G bands of graphite) during the charge and discharge process on Li-ion

batteries (10 µm2 resolution).

• The band at 1850 cm−1 allows the detection of local lithium deposition on the graphite elec-

trodes and it is a potential method to identify lithium plating when charging at low temperatures

and high C-rates.

7.1.2 Electrical investigations of lithium deposition

The plating onset was also studied by examining the potential plateau observed, during cell discharge,

when the plated lithium is stripped due to the reaction (Li0 → Li++ e−). The high voltage plateau

at the beginning of discharge was proposed as a probe to detect the reversible lithium plating. Some

studies suggest that the plateau´s width determines the amount of reversible plating as this reaction

precedes the deintercalation from graphite [6, 28]. The study was performed as described in the

experimental section 6.4.6. Figure 7.9 a) shows the cell potential profile during discharge at different

C-rates and 273 K versus the fraction of the discharge capacity at the specific conditions. By cycling

the cell at C/10, no potential plateau is observed. On the contrary, a potential plateau is observed when

charging at C/2 and 1C. Figure 7.9 b) shows the comparison between the potential profiles during
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discharge after charging at 273 K and at room temperature. At room temperature, the plateau is not

observed even after charging at 1C. As expected, temperature and charge current are two important

factors influencing the lithium plating onset conditions.
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Figure 7.9: Discharge potential of laboratory cell 1, NMC-graphite a) C-rate dependence at 273 K b)
Temperature dependence with CCCV charging at 1C rate

Fig 7.10 shows the discharge potential profiles of laboratory cell 1 during cycling at 1C and 273 K.

A significant decrease of the reversible plating plateau is observed between the first and the second

cycle. The end of the discharge potential plateau can be better determined by differential capacity

(see Fig. 7.11 a). If we assumed that the capacity loss at low temperature is mainly due to irreversible

plating, as many studies suggest [49, 59], a correlation between the decrease of the reversible plating

and the increase of the irreversible plating between the cycles 4 and 10 is found (see Fig. 7.11b).
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Figure 7.10: Discharge capacity of laboratory cell 1 (NMC-graphite) during 1C CCCV charge-CC
discharge at 273 K
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Metallic lithium plating becomes irreversible due to the high reactivity of lithium. The plated lithium

reacts with the electrolyte, thus contributing to the irreversible capacity. The large decrease on the

lithium-stripping plateau between the first and second cycle can be explained by a decrease of the

stripping area on graphite with the cycles. In the first cycle there is still a good electrical connection

of the deposited lithium with graphite. Through the SEI formation at the lithium surfaces, in the

second cycle some zones becomes electrically isolated. A large capacity loss (slope) is observed after

10 cycles, possibly due to the reduction of the graphite intercalation area due to the covering of the

pores by the plated lithium.
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Figure 7.11: Cell 1 (NMC-graphite) during 1C CCCV charge-CC discharge at 273 K. a) Differential
capacity of the discharge potential b) Reversible\irreversible capacity loss per cycle

Accelerated Ageing

Further investigations were performed directly in commercial cells (cells 2 to 4, see section 6.1). In

order to reduce the testing time, the cells were cycled at 263 K (below the temperature recommended

by the manufacturer, 273 K). The objective was to examine dependence of the plating onset with the

operating conditions (temperature, C-rate and charging time) and to determine if the lithium plating

behaviour can be extrapolated to more favourable cycling conditions.
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Figure 7.12: a) b) Capacity loss of cells 2 - 4 after cycling for 30 cycles with 1C CCCV - CC
charge\discharge at 263 K

Cells 2 and 3 shows fast capacity fade after 30 cycles of CCCV - CC charge\discharge at 1C and 263

K (see Figure 7.12 a). Cell 4, on the contrary, shows very little capacity fade. The discharge plateau

on the first discharge cycle of cell 3 is more width than the one from cell 2 (see Figure 7.12 b).

This indicates, as the previous measurements on cell 1, that the reversible plating (discharge plateau)

becomes irreversible after cycling under low temperature and high C-rate conditions. On cell 4, where

the discharge plateau is not observed, the capacity fade is negligible.

In order to analyse the source of degradation, cell 3 and 4 were opened under inert conditions. Figure

7.13 shows an image of the discharged graphite electrode of both cells. The negative electrode of

cell 3 is covered by a silver coloured layer over the whole surface (except the black stripe in front of

the positive tab, where no intercalation takes place). On the contrary, no silver mark is found on the

discharged cell 4.

Figure 7.13: Post-mortem analysis of the discharged cell 3 (left) and 4 (right) after 30 cycles CCCV-
CC charge\discharge with 1C at 263 K
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Resting time effect

In the previous section, it was noted that the complete stripping and re-intercalation of the plated

lithium occurred after resting for 24 h at room temperature. The resting time needed for re-intercalation

was further investigated on commercial cells 2 and 3. The study was not performed on cell 4 as this

does not present either sign of lithium plating or a lithium metal stripping plateau. The test conditions

are described on the section 6.4.6. The shape of the potential plateau during discharge was used as a

probe to evaluate whether metallic lithium was plated.

In the first discharge cycle (see Figure 7.14 a), cells with a resting time higher than 5 hours do not

present the lithium metal stripping potential plateau. On the contrary, for waiting times equal or

lower than two hours the stripping plateau was observed. Therefore, re-intercalation of the deposited

metallic lithium takes place in a period between 2h < t < 5h at 263 K.

The cells showing a stripping plateau during discharge (one, two and 0.16 hours) show a lower dis-

charge capacity already in the first cycles. An exception is the cell with a resting time of 0.16 hours

after charging, where the effect of a higher cell temperature during charge has a positive effect on the

discharge capacity. Due to differences in the cell resistance, different discharge capacity and therefore

temperatures were measured in the cells at the beginning of charge (see Figure 7.14 d). An anomalous

behaviour shows also the cell discharged after 10 hours. This might be due to the higher resistance

of this cell. Figure 7.14 b shows that after 10 cycles, the cell cycled with 0.16 h of resting time after

charging still presents the highest capacity followed by the one with a resting time of 5 hours. The

stripping plateau is observed longer in the cell with 0.16 h of resting time (Fig 7.14 c).
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Figure 7.14: Discharge potential of the 18650 cell 2 when cycling with CCCV charge and CC dis-
charge at 1C rate and 263 K with different resting times after charging a)1st discharge cy-
cle b) 10th discharge cycle c) 35th discharge cycle d) Temperature during the 2nd charge
cycle

The same test was performed on cell 3, but here different waiting time were tested: no-resting time,

0.16, 0.5, 1, 3 hours were waited after charging. Figure 7.15 a) shows that cell 3 reached very fast the

4.2 V due to the high overpotentials. The origin of this high overpotential is probably the anode, as

the plating conditions (plateau due to negative anode potential) are reached already at the beginning

of charge. In the case of cell 3, the plateau was already observed during the CC charge step, before

the 4.2 V are reached. Only the cell with a resting time of 0.16 h, which presents higher resistance

achieved the 4.2 V before the plateau is observed. Although the CV step is started, the voltage can not

be kept at 4.2 V, and the voltage plateau due to lithium plating appears. The current does not decrease

during this period but keeps at 1C. It is worth to mention that the equipment is not a potentiostat, but

the CV steps are performed by adjusting the current, which in this case was not possible (probably

due to the voltage variation due to lithium plating). As this cell has higher resistance than cell 2, the

temperature achieved is also higher (see Fig. 7.15 b).
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Although the cells present differences in the temperature achieved during charging (maximal differ-

ence 4 degrees), the difference on the discharge capacity (see Fig. 7.15 c) is negligible (with exception

of the cell with a resting time of 0.16 h). During the CC phase, the increase of the cell temperature

leads to lower overpotentials and therefore the CV step is reached later. Consequently, higher charge

capacities can be achieved. This is not the case if the temperature increase takes place during the CV

phase, if the plating onset conditions had been already achieved.

However in the first cycle, the positive effect of the resting time can be observed in Fig. 7.15 c) as

the plateau during discharge due to reversible plating is smaller for the cell with resting times t= 3 <

1 < 0.5 hours. The cell with a resting time of 0.16 h has a smaller plateau on discharge than the one

with 0.5 h or no resting time, as the plateau during charge is also smaller. The cell with 0.5 hours

resting time has similar discharge plateau to the one with no resting time, although its plateau during

charge is higher. In conclusion, re-intercalation is observed even with a resting time of 30 minutes,

in the first cycle. However, after 25 cycles just a 10% of the nominal capacity is left (see 7.16 c).

The cell with 3 hours resting time has similar capacity to cells with lower resting time. Therefore, the

irreversibility rate seems to be higher than the stripping of plated Li and intercalation into graphite.

A difference on the plating behaviour of cells 2 and 3 was observed, which can explain the faster

capacity fade of cell 3 (see Fig. 7.12). The resistance of cell 3 was higher and the potential plateau

attributed to lithium plating was observed during the CC charge phase. The corresponding stripping

plateau during discharge was five times wider (1 Ah in cell 3, 0.2 Ah in cell 2). The temperature

increase in cell 2 had a positive effect on reducing the amount of plating (as the plating conditions

were reached later). As the plating conditions were reached in cell 3 even when the temperature

increases, this may lead to a higher amount of plated lithium due to a faster kinetic of the plating

reaction.
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Temperature effect

Accelerated ageing is often employed to evaluate the ageing behaviour of Lithium-ion batteries, using

high temperatures (60°C) [49]. This accelerates the degradation mechanisms and the results can be

extrapolated to the cycling behaviour at more favourable conditions. However, the correlation is

not always linear and the results cannot always be extrapolated, as a specific mechanism may be

detrimental only at certain temperatures, or vice versa.

Accelerated ageing at 263 K shows a faster capacity fade of cell 3> cell 2 > cell 4 (see Fig. 7.12). In

order to evaluate if accelerated ageing at low temperatures can be used as a tool to predict the lithium

plating behaviour of commercial cells, electrochemical tests at different temperatures and C-rates

were performed. The test conditions are described on the section 6.4.6. Fig 7.16 shows the discharge

potential profile of cells 2 and 3 at 273 and 263 K. Both cells present the high potential plateau due

to reversible plating at 263 K but not at 273 K. However, after 50 cycles, the two cells show different

capacity loss, namely 87.5% for cell 2 and 40% for cell 3 (see Fig. 7.16 c). In general, the potential

plateau due to reversible plating might not be detectable if lithium is just deposited in small quantities.

In addition, the cell potential may vary locally due to inhomogeneities. This may induce plating only

in some areas of the electrode surface, and the contribution of these plateaus to the cell voltage might

be negligible. Therefore, other methods need to be employed in order to determine the lithium plating

onset. Compared to cells 2 and 3, the capacity loss of cell 4 during cycling with 1C CCCV charge at

273 K was very small, namely lower than 1%. The same cell doesn’t show stripping plateau during

discharge at 263 K. Cells with the widest plateau on discharge at 263 K (reversible plating) present

also faster capacity fade at 273 K (capacity fade cell 3> cell 2> cell 4 at 273 and 263 K).
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In conclusion, a correlation can be established between the capacity loss due to deposited lithium

plating and the charge temperature used in the ageing test. This confirms the possibility of testing

at lower temperatures than the recommended by the manufacturer in order to faster evaluate the

lithium plating behaviour of lithium-ion batteries. Moreover, cells presenting a potential plateau

during discharge due to reversible plating present a faster capacity fade than cells where this plateau

is not present or detectable. Wider plateaus observed at lower temperatures correspond to faster

capacity fade also at more favourable conditions.

C-rate effect

Finally, as the Li stripping plateau was observed on the discharge potential of cell 3 when cycling with

1C CCCV charge\discharge, lower C-rates were used to evaluate the lithium plating onset at 263 K

in cell 3. Figure 7.17 shows the first cycle potential profiles of cell 3 during discharge and during

charge. During discharge, a wider plateau is observed at 1C than at C/2, thus indicating a slightly
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higher amount of reversibly plated lithium at 1C, but the difference is not large. When charging at

C/2, the IR drop is lower and the plating conditions are not reached during the CC step. In this case,

the lithium plating conditions at C/2 must be achieved at the beginning of the CV phase as the width of

the discharge plateau (0.7 Ah) corresponds to the charge capacity during the CV step at C/2. Finally,

the capacity fade after 25 cycles is similar in both cases, thus confirming that the plating behaviour

is similar at both C-rates. Finally, the width of the discharge plateau and the capacity fade after 25

cycles are similar in both cases, thus confirming that the plating behaviour is similar at both C-rates.

As a conclusion, when a voltage plateau during discharge is observed due to stripping of metallic

lithium, a fast capacity loss was observed despite of the conditions at which the deposition took place

(C-rate, temperature or resting time). However, significant capacity loss was also observed when the

voltage plateau on discharge was not detected. In these cases, the degradation speed is slower. This

can be explained by the quantities of lithium deposited. When a considerable amount of lithium is

deposited, the voltage plateau is observed, and the capacity loss is higher due to metallic lithium that

becomes electrically isolated, the SEI growth on this surface and the covering of the pores. When

the metallic lithium deposits as a thin layer or in small areas, there is a capacity loss due to the fast

building of a SEI over the metallic lithium, but this layer does not become electrically isolated from

graphite and the degradation effect takes place at smaller rates.
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Figure 7.17: a) Discharge potential b) Charge potential of cell 3 in the first cycle when cycling with
CCCV charge and CC discharge at 263 K and different C-rates

Lithium plating onset

After the accelerated ageing test at 1C and 263 K, lithium plating was found on the whole surface

of the negative electrode of cell 3 in the discharged state, whereas no-plating was optically found in

cell 4 (see Fig.7.13). These two cells were chosen for a more detailed study of the low temperature
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7.1 Experimental investigations of lithium plating

behaviour. In order to determine the plating onset conditions, further tests were performed at 273 K

(lowest charging temperature recommended in both cells by the manufacturers). The manufacturer

of cell 3 recommends to charge the cells with C-rates lower than 0.35 C at 273 K. No indication

is given for cell 4. The cells were cycled as described in the section 6.4.6. The capacity loss of

cell 4 was 0.88%, 0.93%, 0.48% and 0.42%. Figure 7.18 shows the capacity loss of cell 3 cycled

at different C-rates. The capacity loss is proportional to the C-rate, and charging the battery at C/3

results in capacities lower than 80% of the initial capacity after 50 cycles (end of life established for

electro-mobility applications). Charging the battery at C/10 leads to a capacity loss of 2.44%.
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Figure 7.18: Capacity fade of cell 3 after cycling with different C-rates at 273 K

Post-mortem analysis

With cell 3, since fast capacity fade is observed even at C/3, the plating onset conditions at 273 K are

reached at lower C-rates. At C/10, the capacity loss is very low (2.44% of the initial capacity). A

similar value was obtained during cycling the cell at the same conditions at room temperature (2.5%

capacity loss). The capacity lost at room temperature, while cycling the cell with C/10, is due to the

SEI growth. Therefore, the capacity lost after cycling the cells at C/10 and 273 K appears also to be

due to the SEI growth. In order to determine whether the plating onset was reached, the cells were

opened under argon atmosphere. The negative electrodes of cell 3 show strong inhomogeneities on the

plating along the electrode surface. As can be seen in figures 9.1-9.2, different patterns are present for

metallic lithium deposition depending on the applied C-rate during charge and discharge. Evidence

of the tab’s effect due to a higher pressure on these area was already reported in the literature [55].

The black stripe is the position in front of the positive tab, where no intercalation takes place (pristine

graphite).

77



7 Results

In addition to the tab´s marks, there is a clear preference for plating on the cell edges than on the cell

center, when charging at C-rates higher than C/3. This might be due to the positive effect of a higher

cell heating in these areas. At C/10 the internal part of the jelly roll presents mainly a yellow-silver

colour. Interestingly, at C/10, conditions at which the cell heating is negligible (around 0.5 K), the

yellow-coloured area are just on the cell center and a stripe is observed on the upper part of the cell. In

order to distinguish whether the origin of this layer is lithium plating or the SEI, electron microscope

images of the surface were taken. Figure 7.19 shows the difference between the black coloured (c)

and the yellow-silver colored areas (d). The yellow-silver colored areas present the same smooth

layer as the one observed previously on the negative electrode of cell 3, in the case where the whole

surface (including the pores) was plated. Cell 4 was also opened, but no optical evidence for plating

was found at any C-rate. The SEM pictures also show the same aspect as the pristine cell.

Figure 7.19: SEM images of the graphite electrode after 50 cycles CCCV-CC charge-discharge at 273
K a) graphite sample A from the cell edge b) graphite sample B from the tab marks c)
SEM picture from the black area of sample A d) interphase between black and yellow-
silver colored area e) yellow-silver colored area from sample A

As plating may start in small quantities, ICP-OES analysis of the discharged cells was performed in

aged and pristine cells (Table 7.2-7.3). The lithium areal concentration X is expressed in mAh cm2,

i.e. the equivalent capacity per electrode geometric area. The capacity is calculated with the following

formula:

X =
cLi

cCu
·mCu ·3860 (7.1)

where cLi and cCu are the lithium and copper concentration values provided by ICP-OES, mCu is

the areal mass of copper in the current collector, and 3860 mAh g−1 is the specific capacity of Li.
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By expressing the lithium concentration in this way, a correlation between the capacity loss and the

concentration of lithium in the sample can be established.

ICP-OES

ICP-OES

difference

to pristine

Capacity

difference

to nominal

Capacity

difference

to initial

Pristine 0.431

C/10 0.974 0.54 0.72 0.0847

C/3 1.911 1.48 1.37 0.675

1C 2.844 2.41 2.89 1.919

Table 7.2: Equivalence in mAh cm−2 from Li measured in the ICP-OES analysis and capacity loss
after 50 cycles for cell 3

ICP-OES

ICP-OES

difference

to pristine

Capacity

difference

to nominal

Capacity

difference

to initial

Pristine 0.18

C/10 0.25 0.064 0,045 0.0069

C/3 0.27 0.094 0,108 0.013

1C 0.31 0.132 0,228 0.011

Table 7.3: Equivalence in mAh cm−2 from Li measured in the ICP-OES analysis and capacity loss
after 50 cycles for cell 4

The Li reservoir found in the discharged pristine cells is the double for the cell 3 as for cell 4 (0.431

and 0.18 mAh cm−2). This is in good agreement with the cell geometry as the specific graphite

volume of the electrode of cell 3 is twice as from cell 4. In addition to this, the results from the cell

balancing show an initial lithiation grade of graphite (discharged cell) slightly higher for cell 3 than

for cell 4. Depending on the operating conditions (C-rate and temperature), the discharge capacity

will be different from the nominal, this is the so-called “non-cycled” lithium, which might be found

either in the cathode or in the anode. The capacity fade is assumed as irreversible lithium plated

on the graphite electrode. After cycling cell 3 at 1C rate, the lithium found in the cell by ICP-OES

is almost equal to the difference in cyclable lithium (capacity difference to nominal, 2.89 mAh cm−2

from Table 7.2). This means that most of the lithium is lost on the anode electrode. 67% of this lithium
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corresponds to the capacity loss (lithium plating and SEI growth), which is in good agreement with

results from optical and SEM analysis (see Fig 7.19, 9.1 and 9.2).

After cycling at C/3, higher quantities of plated lithium were measured by ICP-OES than the sum of

the initial Li reserve (0.43 mAh cm−2) and the non cyclable lithium (1,37 mAh cm−2). The reason for

this is that the samples for ICP-OES were taken from the silver zones (plated areas from Fig. 6.9).

At C/10, the samples were also taken from the silver-yellow coloured areas and the concentration

of lithium measured by ICP-OES is close to the maximum expected lithium (Li reservoir + capacity

difference to the nominal =0.431 + 0.72 mAh cm−2). Therefore, from the post-mortem analysis on

cell 3 it can be concluded that, even at C-rates lower than the ones recommended by the manufacturer

(C/10 and C/3), the main mechanism contributing to the capacity loss is lithium plating.

In the case of cell 4, no evidence for lithium plating was found by the electron microscope analysis.

In addition, the quantitative ICP-OES measurements carried out after cycling at different C-rates,

show very low concentrations of lithium compared to the pristine cell and a slight increase of the

measured lithium concentration after cycling at higher C-rates. The increase is probably associated

to the natural reduction of the cycling capacity with increasing C-rate and not with the capacity fade,

as the capacity loss does not increase from C/3 to 1C.

Characterization with laboratory cells

The lithium deposition on cell 3 appears to follow specific geometrical patterns. Consequently, the

plating onset during cycling at C/10 CCCV charge - CC discharge at 273 K may be due to defects

in the manufacturing (inhomogeneous pressure or SEI formation). In order to evaluate the plating

onset conditions without the influence of the cell format (18650 or pouch), laboratory cells ECC-

PAT-Core were built with the material extracted from cells 3 and 4. The cell configuration with a

pre-installed reference electrode allows studying the potential of the individual electrodes with high

reproducibility. Moreover, the internal heating of the laboratory cells is negligible due to their small

size (90 mm diameter) and to the high thermal conductivity of the steel case. Therefore, the kinetic

and diffusion limitations at low temperatures should be more acute than in the commercial cell. In

addition to this, the cells are built with no anode excess on the electrode border.

Figure 7.20 shows the minimum potentials reached by the anodes during the CCCV charge at the

different temperatures and C-rates. The black points indicate the plating condition, Uanode < 0. At

C-rates higher than C/2, both cells 3 and 4 show negative values of the anode potential. At 273 K,

both cells show negative values also when charging at C/4. Although the potential values reached by

cell 4 are higher in most cases than for cell 3, significant differences respect to the commercial cells

are not observed. Therefore, the plating onset at C/10 observed in the commercial cell 3 at 273 K is
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due to inhomogeneities (pressure) that lead to local negative potentials. On the other hand, in the case

of cell 4, lithium plating was not detected in commercial cells even when the cell was charged at 263

K and 1C rate. In the laboratory cells, the anode potential is already negative under 288 K and C-rates

higher than C/2. The separator employed in the ECC-PAT-Core cells is thicker than the one from

the pouch cell. Therefore the laboratory cells present higher ohmic drops, leading to more negative

measured potentials. The measured anode potential in a 3-electrode cell includes the potential at

the anode electrode and the contribution from ohmic losses (contact+electrolyte). As a conclusion,

figure 7.20 can be used to compare the anode potential of cell 3 and 4 but negative potentials do

not determine the plating onset conditions at these cells. These results are in good agreement with

the study on laboratory cells carried out by Waldmann et al [65], which showed that negative anode

potentials were measured by charging at C-Rates higher than C/2 at 278K.
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Figure 7.20: Minimum discharge potential of the anode from cell 3 and 4 in reassembled 3-electrode
configuration during CCCV charge at different C-rates and temperatures

Finally, overcharge test at different C-rates were performed in laboratory cells ECC-PATT cells with

graphite electrodes from cell 4 as working electrodes and metallic lithium as counter electrode. Figure

7.21 a) shows the potential when the lithium deposition reaction becomes predominant (potential

reaches a local minimum and increases). The higher the C-rate, the lower is this potential (-20, -37,

-58 and -90 mV for C/10, C/4, C/2 and 1C respectively). This is due to the ohmic losses that are

proportional to the applied current. If -20 mV is assumed to be the activation overpotential for the

reaction Li++ e− → Li0, the potential differences measured are proportional to the current (ohmic

losses). The lithium deposition plateau is observed at the same SOC (80%) during C/4 and C/10 CC
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discharge of the anode. However, when charging at C/2 lithium deposition starts already at 65% SOC

and at 40% SOC at 1C.

The beginning of the deposition reaction was also observed during the CC phase, when the anode

potential increases instead of decreasing. This effect took place in some of the laboratory cells 3

and 4 charged at 273 K with 1C and C/2. Figure 7.21 b) shows how the anode potential stop de-

creasing already during the CC phase with C/2 at 273 K, before the cell potential achieves 4.2 V.

In this case, an increase of the current at the end of the CV phase was detected. This behaviour

was associated to the lithium deposition and has been reported to take place at a specific SOC [8].
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Figure 7.21: a) Anode potential during CC discharge of cell 4 in reassembled 3-electrode configura-
tion at different C-rates at 273 K b) Current, Ua, Ucell during CCCV charging with C/2
at 273 K of cell 4 in reassembled 3-electrode configuration

In order to evaluate whether the electrode potentials measured with the laboratory cells are represen-

tative for the electrode’s potential of the commercial cell, a reference electrode was inserted in the

pouch cell as described in section 6.4.7. Figure 7.22 a) shows the comparison between the cell poten-

tial on the commercial pouch 4, the one measured in the modified pouch where a reference electrode

was inserted and the laboratory cell ECC-PAT during CCCV charging with 1C at 273 K.

Although there is a good agreement between the potential curves obtained of the laboratory cells and

the commercial at low C-rates (C/10 and C/4), large discrepancies were found at high C-rates and

low temperatures. This effect was also observed in the work of Waldmann et al [125]. The authors

explain this effect by considering the differences in internal heating between small laboratory cells

and large commercial cells. However, the differences on cell heating only cannot justify the plating-

onset observed in the laboratory cell 4 at C/2 and 278K, whereas the commercial cell didn’t show

any plating even after charging at 263K and 1C Rate. The lack of anode overlapping between the

electrodes edges in the laboratory cells may be the main of the reasons for this discrepancy. Figure

7.22 c) shows a higher overpotential on the anode of the ECC-PAT cell compared to the commercial
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with a reference electrode. The opposite behaviour is observed in the cathode (Figure 7.22 b)), which

confirms this assumption which has been already reported in the literature [62].
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Figure 7.22: Potential comparison of the reassembled cell 4 in 3-electrode configuration (ECC-PAT
cell), pouch cell and modified pouch including a reference electrode a) Ucell b) Ucathode
c) Uanode

7.2 Model parametrization

Due to the narrow voltage window of graphite, a precise determination of the sensitive parameters is

needed for an accurate prediction of the plating onset. Experimental parametrization should be per-

formed as each cell has a specific geometry and the transport parameters are material and geometry-

dependent. Literature values are scattered and often do not provide information on the electrode ge-

ometry. The parametrization process was performed in both cell 3 and 4, as the determination of the

specific electrode geometry, transport, kinetic and thermal characteristics allows to better understand

the low temperature behaviour of the cells. Part of the work presented in this section was published

elsewhere [126]. One of the critical parts of electrochemical models is its parametrization complexity,

which is due to the high number of parameters. In order to reduce the model parametrization, a sensi-

tivity analysis of the model parameters was performed using geometry and transport parameters from

the literature [92]. Between the most sensitive parameters were: porosity, particle radius, diffusion

coefficient and the reaction rate constant. Parameters with negligible influence were the conductivity

of anode and cathode. Electrolyte transference number and diffusion coefficient were sensitive. The

most sensitive parameters were experimentally determined.

First, the electrolyte components and the cathode material composition were identified by nuclear

magnetic resonance (NMR) and inductive coupled plasma emission spectroscopy (ICP-OES) respec-

tively. Results show that the cathode materials are: LiNi0.8Co0.15Al0.05 for cell 3 and LiNi0.6Co0.4O2

for cell 4, which were reported to be used in commercial batteries [113, 127, 128]. The electrolyte
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composition is generally not provided by the manufacturer. Although the sensitivity analysis shows

that electrolyte parameters are less sensitive than the ones from the active materials, different stud-

ies [28,36] show the significant effect of the electrolyte on the charge transfer process at low temper-

atures (the reaction rate constant is a very sensitive parameter). Results show that cell 3 is formed

by a mixture of DMC:EC:EMC=50:20:30 and EC:EMC=1:1 for cell 4. The high energy density cell

3 has an electrolyte composition optimized for low temperatures (lower viscosity due to lower EC

proportion).

7.2.1 Geometrical parameters

In order to characterize the geometrical parameters of both cells, a new method was proposed to re-

duce the number of experimental techniques employed. The analysis of cross section images from

the electrodes was used to obtain the particle radius, the thickness, the porosity and the surface area.

An image processing algorithm based on water-shed segmentation was developed by Matias Cerveira

Lueska under my supervision [129]. The electrode porosity was calculated by binarization apply-

ing an specific threshold (Figure 7.23 c). The particle discretization was performed by water-shed

segmentation. The differentiation between voids and particles was performed by choosing the pa-

rameter eccentricity. As the particles form is more spherical as the voids, this filter was successfully

employed. Figure 7.23 a) shows the original cross-section image. For the analysis, the coated elec-

trode excluding the current collector was cropped. Figure 7.23 b) shows the particle segmentation

and ellipse fit in order to obtain the particle radius.
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b) 

c) 

d) 

5 µm a) 

5 µm 

Figure 7.23: a) Original SEM image from the cross section of the cathode electrode from cell 4.
b) Image processing of the cropped area (red): Particle segmentation and ellipse fit of
particles.
c) Image processing of the cropped area (red): binary image for porosity estimation

Table 7.4 shows the image processing (I.P) results of the cathode and anode electrode in cells 3 and 4

and the comparison with the ones obtained by experimental methods i.e. dial indicator for thickness,

laser diffraction for the particle size, BET (Brunauer, Emmett and Teller) for the surface area and He

pycnometry to determine the active material density. The values for the experimental porosity were

calculated with the expression ε = 1−
ρel
mel

Vtotal
, being Vtotal the summe of the pores and the electrode.

Results are in good agreement on the thickness, porosity and particle radius values obtained by the

different methods. However, as was reported by Ender [130], difficulties were found to achieve good

contrast on the graphite electrode images. Lower porosities than the one obtained from the electrode

density method were obtained. A possible reason is the filling of the pores during the cutting and\or
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the exclusion of the micropores on the segmentation. Filling of the pores with a silicon resin previous

to the cutting (see Figure 7.25) improved the contrast and the porosity estimations.

c) 5 µm 

b) a) 5 µm 5 µm 

5 µm d) 

Figure 7.24: a) Original SEM image from the cross section of the anode electrode from cell 3
b) Image processing (binarization) of cross section image for porosity estimation
c) Original SEM image from the cross section of the anode electrode from cell 3 infil-
trated with silicon resin
d) Image processing (binarization) of cross section image for porosity estimation

A discrepancy on the cathode particle radius of cell 4 is found between the measurements by laser

diffraction and image processing. The average particle radius values from laser diffraction are unre-

alistic (too high) as less than two particles must be coated in the 35 µm thickness. The cross section

images shows a higher number of particles across the thickness. Difficulties were found during the

preparation of the laser diffraction samples to separate the particles from the binder, as the binder

composition is unknown. Therefore, the values measured by laser diffraction are possibly a particle

agglomerate. In the image processing analysis of cell 4 was difficult to distinguish between the binder

and the particles by eccentricity. But, when filtering the segmented particles with a lower eccentricity

threshold, the average particle radius was higher (4 µm). The image processing results for anode

porosity of cell 4 are also lower as the one obtained from density values, as these samples were not

infiltrated. Due to the discrepancies on the porosity values for the anode of cell 4, microcomputer

tomography (µ-CT) measurements of the anode electrodes were performed. Good agreement was

found in the results: cell 3 µ-CT porosity 20 % and cell 4 µ-CT porosity 33% (see Figure 7.25).

Table 7.5 shows the results from the experimental measurements of the surface area in the electrode

by BET, the specific values per current collector unit of area SAel and the surface area to volume ratio

(SA:V). Although BET is an extended method in material characterization for determining the surface

area, some studies [105, 131] proposed that the BET area (including micro and nano-pores) does not

correspond to the electrochemical active area where charge transfer reaction and diffusion occur. The
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Thickness / % Porosity / % R/ µm
Exp. I. P. Exp. I. P. Exp. I. P.

Cell 3 An. 75 72 21 20 9.5 5.7
Cell 4 An. 48 43 31.8 19 8.75 8
Cell 3 Cat. 57.7 57 23 20.5 4.7 4.3
Cell 4 Cat. 34 35 26.9 29 9.15 2.5

Table 7.4: Geometrical parameters estimated by image pro-
cessing (I.P.) and experimental techniques

Figure 7.25: µ-CT image of the anode
electrode from cell 4.

values obtained by BET for the specific area and SA:V ratio are one order of magnitude higher than

the measured by image processing. However, both results show similar values of SA:V for the anode

materials of cell 3 and 4, as they have similar particle radius. The specific SAel is higher for cell 3

than 4 as this cell have a higher thickness. The BET values for the cathode material of cell 4 seem to

be underestimated as smaller particles should have a higher surface area. The reason seems to be the

same as in the particle radius estimation, particle’s agglomerates due to an insufficient dissolution of

the binder. As the particle radius from the cathode of cell 4 is smaller than the one of cell 3, SA:V

should be higher (as determined in the image processing results).

Experimental (%) Image Processing (%)

BET / m2g−1 specific SAel SA:V / m−1 specific SAel SA:V / m−1

Anode cell 3 2.03 262.55 4.41 106 4.49 3.56 105

Anode cell 4 2.06 146.80 4.49 106 4.17 3.25 105

Cathode cell 3 3.4 736.22 1.65 107 5.97 5.86 105

Cathode cell 4 2.16 226.67 9.24 106 4.16 7.5 105

Table 7.5: Geometrical parameters estimated by image processing (I.P.) and experimental
techniques

Due to the disagreement on the particle radius estimated by laser diffraction and image processing for

the cathode electrode of cell 4, the value calculated with laser diffraction will be initially used for the

simulations. In order to represent the cell geometry in the model, the parameters defined in Table 7.6

were used:
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Parameter Anode Cathode

Length / mm 62 61

Width / mm 39 38

Thickness of solid material / mm 0.048 0.034

Thickness of current collector / mm 0.014 0.015

Porosity / % 31.8 24.3

Average particle radius / µm 8.75 9.15

ρexp / g cm−3 2.20 4.75

M / g mol−1 79.00 97.78

cs,max / mol cm−3 0.02788 0.04858

Ve / cm3 6.47 4.36

εactive / % 55.64 47.35

Table 7.6: Geometrical parameters of cell 4
Assuming spherical particles a = 3·ε

Req
, the specific interfacial area is of 1908 cm−1 for the cathode and

1552 cm−1 for the anode, being Req the average particle radius measured with laser diffraction.

7.2.2 Cell balancing - Electrode utilization

As input for the electrochemical simulations, the initial and final concentration of Li ions in the

electrode is necessary. This is the so-called cell balancing, as the cell is not cycled in the whole

voltage window of the individual electrodes due to electrolyte oxidation on the cathode surface at

high potentials and plating on the anode electrode at low potentials. This estimation is very important,

as the input of all the other parameters in the model is given as a function of the electrode SOC. In

order to determine the SOC window of each electrode, CC charge at C/33 in laboratory cells (3-

electrode configuration: anode, cathode, reference electrode) was performed. As proposed in other

studies [113], differential capacity was used to identify the specific anode and cathode peaks. As the

voltage functions U=f(SOC) are an input for the simulations, a graphical tool in matlab was proposed

where varying the SOCini, SOCend of both electrodes the fitted functions were approximated to the

experimental curves (see Figure 7.26).

Ucell(SOCcell) =Uc(SOCc)−Ua(SOCa) (7.2)

δU(SOCcell)

δSOCcell
=

δUc(SOCc)

δSOCc
− δUa(SOCa)

δSOCa
(7.3)
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Figure 7.26: a) OCP of cell 4 and difference between the anode and cathode potentials.
b) Differential capacity of cell 4 and difference between the cathode and anode differen-
tial capacities

The state-of-charge of the electrodes in the simulation is calculated by the expression: SOC = c
cs,max

where cs,max is the maximal theoretical capacity of the electrode. The maximum Li concentration can

be calculated as cs,max =
ρth
M being ρth the theoretical density and M the molar mass of the active solid

material. Through image processing, it was not possible to distinguish the binder (inactive material)

from the active material. Quantitative estimation through chemical analytic methods is also difficult

as the binder material is unknown. Therefore, for the numerical simulations, it was assumed that only

the exchanged capacity (nominal capacity indicated by the manufacturer) is active material. The rest

is considered as inactive solid material. This assumption is a conservative approach as the objective

of the model is to determine charging strategies that avoid lithium plating. The volume fraction of

active material εactive can be then calculated from 7.4, as the transferred capacity ∆Q is 2 Ah for each

electrode. Here, it is assumed that the solid volume that is not contributing to the nominal capacity of

the cell (2 Ah) is inactive.

∆Q = ∆cs,max ·Ve · εactive ·F = 2.0Ah (7.4)

With ∆cs,max being the difference between the initial Li concentration cs,0 and the Li concentration at

the end of charging cs,end . These are calculated by multiplying the maximum concentration with the

determined cell balancing coefficients. Ve is the effective volume of each electrode calculated with

the density measured by He pycnometry ρexp.

7.2.3 Diffusion coefficient

The diffusion coefficient D describes the transport of the lithium ions within the solid particles. Dif-

ferent experimental methods were proposed for the determination of the diffusion coefficient: gal-

vanostatic intermittent titration technic (GITT), potentiostatic intermittent titration technique (PITT),

electrochemical impedance spectroscopy (EIS), DC polarization or chronovoltammetry [16]. But the
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determination of D is not straightforward and literature values of the diffusion coefficient for the

same electrode materials may vary in orders of magnitude. For graphite, literature values vary in

order of magnitude from 10−6 to 10−12 cm2s−1. For the cathode materials values between 10−8 to

10−12 cm2s−1 were reported for LiyNi1−xCoxO2, cell 4 [104, 132] and between 10−10 to 10−11 for

LiyNi1−xCoyAl1−x−yO2, cell 3 [128, 133, 134].

The scattering depends mainly on which values are used to determine the diffusion length [107],

as this depends on the particle size and the surface area. Different approaches can be found in the

literature to calculate the diffusion length (L), through the particle radius [106], the half of the particle

radius R/2 [134] the surface area calculated by BET (Brunauer, Emmett and Teller) [104] or other

approaches [105, 135].
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Figure 7.27: Diffusion coefficient of the individual electrodes of cell 4 estimated by PITT and GITT
and different diffusion lenghts (particle radius or determined from the BET surface area)
for the a) anode and b) cathode electrode

Intermittent titration techniques (GITT and PITT) were used to determine the diffusion coefficients

of cells 3 and 4 as a function of the temperature and the SOC. Matlab algorithms that automatically

calculate the Dcoe f f were developed within the Master thesis of Johannes Altmann under my super-

vision [23]. Most simulation studies consider a constant diffusion coefficient over the whole SOC.

However, studies on graphite show a variation of this parameter of orders of magnitude [23]. The

difference between the charge and discharge behaviour of Lithium-ion batteries was assumed to be

due to the different diffusivity of the lithiated\unlithiated graphite electrode [41]. Therefore, the dif-

fusion coefficient was calculated at each pulse through the electrode voltage window). Figure 7.27

shows the same shape of the diffusion coefficient vs stoichiometry estimated with both methods with

slightly higher values on the diffusion coefficient of the anode electrode calculated by PITT. This is

in good agreement with the work of Levi et al. [106], where the higher values obtained by PITT than
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by GITT were attributed to the insufficient time for equilibration after the potential steps. In some

cases, several hours of waiting time at some potential steps during the phase transitions were neces-

sary. Figure 7.27 shows similar values of the diffusion coefficient of the cathode estimated with both

methods and slightly higher values on the diffusion coefficient of the anode electrode calculated by

PITT.

The diffusivity values were calculated using as diffusion lenght the specific surface area measured

by BET and the particle radius. The difference between the values estimated with L=R or L from

the BET surface (L = m·Vm
Mb·SBET

) varies in four orders of magnitude for both electrodes. However, the

resulting diffusion coefficients are too low and by using these as input in the simulations, the voltage

response shows unrealistic values. Moreover, no correlation was found between the BET area and the

surface impedance of the material [136]. Macdonals suggested that the BET severely overestimate

the electrochemically active area due to the high area of the loosely non active particles. The most

common approaches use a geometric area estimated from the average particle size [131]. Therefore

as the particle radius is not unique, the diffusion coefficient will be fitted against the voltage curves,

starting by the average value obtained by laser diffraction.

Figure 7.28 shows the diffusion coefficient at different temperatures estimated by PITT as a function

of the SOC of the individual electrodes. The experimental values at 298 K were fitted with the pchip

function of matlab and the temperature dependence follows Arrhenius behaviour according to the

expression:

D(c,T ) = D(c,298K) · exp(−EA

R
(

1
T
− 1

298
)) (7.5)

The shape of the diffusion coefficient vs stoichiometry is in very good agreement with the literature.

The diffusion coefficient at each phase for LiyNi1−xCoxO2 is almost constant, with a slight decrease of

the diffusivity values at high lithiation degrees. Scattered values were measured in the phase transition

regions at x=0.6. These observations are in complete agreement with the results of similar studies in

several LiyNi1−xCoxO2 combinations [132] and in LiNi0.4Co0.6O2 [113]. The diffusion coefficient of

graphite shows peaks between the phase transitions and lower diffusivity values can be observed in

the high lithiated stages.
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Figure 7.28: Diffusion coefficient of the individual electrodes of cell 4 estimated by PITT at different
temperatures and its fitted functions according to Eq. 7.5. a) Anode b) Cathode

The variation of D of four orders of magnitude coincides with the work from Levi et al [34] and the

same shape of the diffusion coefficient vs stoichiometry was measured by GITT and PITT. Similar

activation energies for the graphite electrode were measured by both intermittent techniques. These

are in good agreement with literature values, which vary from 35 to 52 KJmol−1 [44, 113, 137]. A

discrepancy can be observed on the values of Eact measured by GITT and PITT for LiNi0.4Co0.6O2,

what may be due to the kinetic effects on the potential curves at lower temperatures by GITT. Lower C

rates should be used at lower temperatures to reduce the increasing duration of the kinetic contribution

in the overpotential. The activation energies of the cathode electrode are comparable to literature

values for the same material (from 31 to 52 KJ mol−1) [44, 113].

7.2.4 Reaction rate constant

The reaction rate constant can be obtained from the charge transfer resistance measured by impedance

spectroscopy (EIS). The exchange current at the solid electrolyte interface is described by the Butler-

Volmer equation.

i = i0 · (exp(
αca ·F ·ηs

R ·T
)− exp(

αa ·F ·ηs

R ·T
)) (7.6)

For small overpotentials, the current density can be calculated from the expression:

ise = i0 =
R ·T

α · z ·F ·S ·Rct
(7.7)

Impedance spectroscopy was carried out in ECC-PAT cells with three-electrode configuration, i.e

using a reference electrode. The three-electrode configuration was chosen in order to separate the

contribution of the working and counter electrode. High reproducibility was observed in two out of

three cells employed.
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The impedance spectra in the complex plane shows a half circle followed by the onset of a diffusion

arm at low frequencies. The high-middle frequency region of the spectra (without the diffusion arm)

could be fitted by an equivalent circuit including an inductive element, followed by a resistance in

series, and by another resistance in parallel to a constant phase element (CPE). The two resistances

represent the high- and low-frequency intercepts of the half circle with the x axis, and are assigned to

the electrolyte resistance (Rs) and to the charge transfer resistance (RCT ), whereas the CPE is assigned

to the double layer capacitance at the electrode/electrolyte interface [126].

The mid-frequency semicircles in an impedance spectrum of a lithium-ion battery accounts for effects

of surface films, charge transfer and double layer capacities. However, just one semicircle can be

distinguished in the graphite electrode spectra (see Figure 7.29) due to a possible overlap of the SEI

and charge transfer resistances or to negligible RSEI . This is in good agreement with other studies were

just one semicircle on the frequency spectra of graphite was observed, where a negligible RSEI [113]

or Rct was assumed [138]. The values of the charge transfer resistances at 298 K vary between 10 and

12 Ω for the anode and 4 and 30 Ω for the cathode, increasing with the SOC (see Figure 7.29).

Figure 7.29: Impedance spectra at ten different SOCs for the anode electrode a) at 298K and b) at
273K of cell 4 obtained in 3-electrode configuration (ECC-PAT cells)

The linear variation of the charge transfer resistance with the SOC on graphite was already observed

by Funakibi et al [139], but they measured values four times higher of the specific charge transfer

resistance (Ω cm2).

The exchange currents at different temperatures were fitted to the expression 7.8 and the following

reaction rate constant and activation energies were obtained: kan = 4.62 10−6 cm2.5s−1mol−0.5 and

kcat = 1.3710−5cm2.5s−1mol−0.5. The spherical approximation for the surface area S = 3·ε
R was used.

The value for the anode is in good agreement with a previous work with cells from the same man-

ufacturer [113] whereas the reaction rate constant for the cathode is the half. If a particle radius of
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4 µm is used to estimated the surface, a similar value is obtained also for the cathode. The image

processing results suggest a particle size of this dimension.

i0(cs,T ) = 2k
√

csce(cmax− cs) · exp
(
− EA

R

( 1
T
− 1

298

))
(7.8)

The parabolic dependence of the Butler Volmer equation as described by the equation 7.8 is better

fulfilled by the cathode than by the anode electrode. The activation energies obtained are constant

over the SOC with values of Eact,kA= 52 KJ ·mol−1 and Eact,kC= 56 KJ ·mol−1 for the anode and

cathode material respectively. These values are in good agreement with the ones from literature, as

constant activation energies of 40 KJ ·mol−1 at the different potentials were also found by Mendoza

on graphite electrodes [140]. Smart et al. [28] measured activation energies of the exchange current

of graphite in the range of 45 to 60 KJ ·mol−1 depending on the employed electrolyte and between

35 to 70 KJ ·mol−1 for LiNi0.8Co0.2O2. Similar values were also reported elsewhere [140, 141].

Figure 7.30: Exchange current densities a) of the anode and b) of the cathode from cell 4 at different
temperatures. Solid lines represent the values predicted by Butler Volmer 7.6

7.2.5 Entropic coefficient

The lithium-ion battery may heat during the charge process due to the reversible and joule heats

released during the electrochemical reaction. The reversible entropic heat can be positive or negative

and can contribute up to the half of the heat generated in a cell [142]. The entropic heat is often

neglected in many simulation studies, however it should be considered as temperature variations

during charging will affect the conditions for the lithium plating on-set.

Figure 7.31 shows the entropic coefficients dUdT−1 at different potentials for the anode and cath-

ode electrodes. The minima observed at 120 mV for the anode and around 3.9 V for the cath-

ode corresponds to the phase transition of the materials (graphite at 120 mV change from stages
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IIL, II→ II, I [21] and the second stage of the cathode LiNixCo1−xO2 is attributed to the oxidation of

Co3+ ions [143]).

Figure 7.31: Entropic coefficients a) of the anode, b) of the cathode from cell 4 in half cell configura-
tion agains metallic lithium at different potentials

The variation of the entropic coefficient at different potentials is in good agreement with the literature.

Williford et al. [144] also observed a variation of the entropic coefficient with the stoichiometry

between phase transitions in graphite. The decrease of the entropic coefficient at higher lithiation

stages of graphite was also observed in previous works [145], with negative values at high lithiation

stages.

In cathode materials, a large entropy change is observed at x=0.55 [144, 146] for LiCoO2, that was

assumed to be related to the phase change (transition from hexagonal to a monoclinic symmetry

of the host lattice). Negative values were also measured by Viswanthan et al. for NMC cathodes

[147]. However, they measured a constant value over the SOC. The diffusion coefficient and the

entropic coefficient of LiNi0.4Co0.6O2 shows a change around x=0.6 indicating a phase transition on

this region. LiNixCo1−xO2 materials has a layered rhombohedral structure in all the range group of

x [148]. The ideal structure is based on successive layers of Li+, O2−, (Ni3+,Co3+) and O2− ions. The

sequential oxidation of Ni3+ and Co3+ ions is observed during charging: there are two redox peaks

on the curves of differential capacity at 3.6 V (Ni3+/Ni4+) and 3.9 V (Co3+/Co4+). In LiNixCo1−xO2

materials the crystallographic transitions of LiNiO2 (hexagonal → monoclinic→ hexagonal [149])

are assumed to be suppressed with the insertion of Co [150], however Kulova et al. observed these

phase transitions on LiNixCo1.−xO2 with x= 0.2, 0.4, 0.6 and 0.8. In this work, the phase transition of

LiNi0.4Co0.6O2 is observed at 3.6V and in our work is at 3.9 V.

7.2.6 Other model parameters

The electrolyte parameters were less sensitive to the voltage output and the lithium plating onset

predictions. Therefore, these values were obtained from the literature. The absolute values for the
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diffusion coefficient, electronic conductivity and transference number of the electrolyte were taken

from a previous work [113] where the same electrolyte was employed. In the sensitivity analysis,

variation on the conductivity of the solid did not show a change on the model predictions. As same

active material were investigated (graphite and LiNi0.4Co0.6O2) as in the work from Eckert [113], the

error introduced on the model prediction using these conductivity values can be neglected.

The efficient values for these parameters were calculated using the tortuosity, τ calculated by the

Carniglia relation 5.40:

θe f f = θ ·
εp

τ
(7.9)

being θ = σs,De,κe

The thermal parameters were also taken from the literature. Table 7.7 shows the thermal parameters

employed in the model. The thermal conductivity is an anisotropic property and the values in the

axial direction can be up to 10 times higher than in the radial direction [144]. However, as copper

and aluminium conductivities are one order of magnitude higher than the active materials, the heat

is mainly dissipated through the current collectors. In this work, the values from the axial direction

were employed. The thermal conductivity of the wet electrode is increased by a factor between two

and four compared to the pristine electrode [144,145]. In this work, values of the wet electrodes were

employed.

Parameter Value Reference

λCopper 4.01 Wcm−1K−1 [144]

λAluminium 2.36 Wcm−1K−1 [144]

λgraphite,inelectrolyte 0.0195 Wcm−1K−1 [144]

λcathode,inelectrolyte 0.0172 Wcm−1K−1 [144]

λseparator,dry 0.0017 Wcm−1K−1 [Landolt-Börnstein]

λseparator,inelectrolyte 0.01 Wcm−1K−1 [estimated]

cp,cathode 640 Jkg−1K−1

cp,anode 910 Jkg−1K−1

cp,separator 900 Jkg−1K−1

hcell,tabs 2.5 mWK−1cm−2 fitted

Table 7.7: Thermal parameters used in the electrochemical model for cell 4
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7.3 Model validation

The model validation was performed on the cell-type 4 using pristine cells and customized cells,

where a reference electrode had been inserted (see section 6.4.7). As introduced in the previous

section, the model parameters such as the reaction rate constant and the specific interfacial area are

dependent on the electrode geometry (particle radius and electrode surface respectively). On the one

side, discrepancies were found to determine the particle radius of the cathode active material. On the

other side, all the particles do not have a unique size, but the particle size varies within a wide range

and the spherical approximation to determine the surface area is not necessarily fulfilled. Therefore,

a fitting process was carried out using the Single-Layer Model (see section 6.5), starting from the

parameters derived by the spherical approximation (defined in the previous section). The possible

error introduced with the Single-Layer Model is very small, as the temperature variation through the

stacked layers at 1C and 273 K is just 0.05 K (see Figure 7.35).

1. The specific interfacial area was fitted at C/10, as diffusion and kinetics effects are minimal at

low C rates. Initial values: acat = 1908 cm−1 and aan = 1552 cm−1.

2. Reaction rate constant kan and kcat were fitted at 1C and 298 K.

3. Simulation of fitted model at 288 K, 278 K, and 273 K

4. Adjustment of activation energy of the reaction rate

Figure 7.32 shows the simulated and measured charge curves at 298 K and different C rates. The

model is able to simulate the transferred charge at different C rates using CCCV charge protocols.

At low temperatures and high C rates the initial overpotential at 0 % SOC is underestimated by the

model. Higher values of resistance overpotential were experimentally measured by GITT at 0 %SOC

on the anode and cathode electrodes. In addition to this, the Rct of the anode at SOC=0% could

not be measured by EIS, as the impedance spectra don’t show the semicircle at the mid-frequency

region (see ??). The impedance spectra in the Cole-Cole plot presents instead the ones of a blocking

electrode [18], with a single intercept on the x axis and an increase of the imaginary impedance at

low frequencies due to electrode polarization. The observed discrepancy might be also due to the

non-validity of the Butler Volmer equation in this range, due to the high overpotentials. However, the

charge that can be transferred at the different temperatures is well predicted by the model, and the

initial mismatch is not relevant for the lithium plating onset which takes place at the end of charge.
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Figure 7.32: Experimental and simulated cell potentials for cell 4 at the following charging condi-
tions: a) 298 K and different C-rates (1C, C/2, C/10). b) 1C and different temperatures
(298 K, 288 K, 273 K).

Some deviations are observed between the simulated potential curve and the experimental curves at

1C and 273 K (Figure 7.32 and Figure 7.33). This can be due to the overestimated concentration

polarization due to the spurious minima in the solid diffusion coefficient calculated by PITT due to

contributions from phase transition kinetic. Deiss et al. [108] proposed that underestimated chemical

diffusion coefficients are measured by GITT, especially during the phase transition, as the assumption

of infinitely fast kinetic is not fulfilled. However, if a constant diffusion coefficient over the whole

SOC is supposed the overpotentials are largely underestimated by the model. This occurs even when

slower kinetic parameters (k, Ea,k) are employed. Therefore, the simulations were carried out using

a stoichiometry dependent diffusion coefficient, which resulted in better predictions at low tempera-

tures. Although there are different theories about the graphite intercalation compound phases (GIC)

present at the different SOC, a recent work from Guo et al. [24] reported different diffusion coef-

ficients at different graphite stages (according to the filled graphene layers). Therefore, the results

suggest that the stoichiometry dependent shape of D measured by PITT, can better predict the cell

potential output of our model.
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Figure 7.33: a) Experimental and simulated anode potentials for cell 4 at the following conditions: a)
charging at 298 K and different C-rates (1C, C/2, C/4). b) charging at 1C and at different
temperatures (298 K, 273 K).
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Table 7.8 shows final fitted values of a, k and D. The interfacial surface areas are close to the initial

values calculated with the average particle radius and equation 5.23. As the graphite particles have

a prismatic shape (see Figure 9.3), the relation surface area:volume ratio (SA:V) is higher for the

same equivalent radius (Req) than in spherical particles (as in the cathode). The discrepancy between

the model predictions using the fitted and the initial is small at C/20, the error at higher C rates and

low temperatures becomes relevant, especially at the end of charge. Therefore, the final fitting of

the interfacial surface area as an independent parameter is important for the lithium plating onset

predictions. The diffusion length (L) used to determine diffusion coefficient was also fitted. Values

close to the average particle size are obtained, with smaller values for the cathode than for the anode.

This is in good agreement with the cross section images of the electrodes (see Figures 9.3), as a higher

concentration of small particles was observed in the cathode than in the anode.

Parameter Anode Cathode

k / A cm2.5 mol−1.5 0.357 0.289

Ea,k / kJ mol−1 25 60

Ea,D / kJ mol−1 39 50

a / cm−1 2200 1500

L / µm 12 8.5

Table 7.8: Fitted parameters against the potentials of the individual electrodes for cell 4

The reaction rates obtained after the fitting process are similar to the ones experimentally calculated

by Eckert et al. [113]. However, after their fitting process, the reaction rate of the anode (kanode) is

one order of magnitude higher [151]. As k is dependent of the active surface area, it is difficult to

compare absolute values. However, the cathode/anode ratio of k is important for the plating onset as

it determines how fast the maximum potential of the cell is achieved. The use of higher cathodic than

anodic reaction rates could lead to plating conditions if negative potentials are reached on the anode

when the potential variation at the cathode with time is slower than at the anode.

The fitted activation energy for the reaction rate constant of graphite is 25 kJ mol−1 which is lower

than the values measured by impedance spectroscopy. As just one semicircle was found on the

impedance spectra of graphite, a higher contribution at low temperatures from the SEI may affect

the estimation of the charge transfer resistance activation energy. However, the values of k calculated

from the experimental values of charge transfer resistance at 298 K, are in agreement with the simu-

lated values. This suggests that the resistance of the SEI is just negligible at room temperature. Fang

et al. also reported good predictions of the anode potential at different temperatures with a model

using Eact,k,anode of 30 kJ mol−1.

99



7 Results

0 2 0 4 0 6 0 8 0 1 0 0
2 9 7 . 8

2 9 8 . 0

2 9 8 . 2

2 9 8 . 4

2 9 8 . 6

2 9 8 . 8

2 9 9 . 0
 E x p e r i m e n t a l
 S i m u l a t i o n

T /
 K

S O C  /  %
0 2 0 4 0 6 0 8 0 1 0 0

2 7 3 . 0

2 7 3 . 5

2 7 4 . 0

2 7 4 . 5

2 7 5 . 0

T /
 K

b )

S O C  /  %

 E x p e r i m e n t a l
 S i m u l a t i o n

0 2 0 4 0 6 0 8 0 1 0 0
- 0 . 1 5

- 0 . 1 0

- 0 . 0 5

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

a )
He

at /
 W

 cm
-3

S O C  /  %

 J o u l e  h e a t  a n  
 J o u l e  h e a t  c a t
 R e v  h e a t  a n  
 R e v  h e a t  c a t
 T o t a l  h e a t  a n  
 T o t a l  h e a t  c a t  
 T o t a l  h e a t  c e l l

0 2 0 4 0 6 0 8 0 1 0 0
- 0 . 1 5

- 0 . 1 0

- 0 . 0 5

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

He
at /

 W
 cm

-3

d )c )

S O C  /  %

Figure 7.34: a) Simulated temperature during CCCV charging of cell 4 at a) 1C and 298 K; b) 1C and
273 K. Simulated heats during charging at c) 1C and 298 K; d) 1C and 273 K.

Figures 7.34 a) and b) show the temperature predictions of the model which are in good agreement

with the temperatures experimentally measured on the cell surface. Figures 7.34 c) and d) show the

main heat sources contributing to the total heat of the cell: the joule heat and the entropic heat, as was

previously reported by Latz and Zausch [92]. The temperature decrease measured at around 50 %

SOC is due to the predominant endothermic entropic heat of the cathode electrode over the joule heat

in this region. The variation of the cell temperature with time is well predicted by the model. There is

a slight shift on the minima position predicted by the model, as the shift of the phase transition of the

cathode electrode with the temperature (see Figure 7.28) is not consider by the model. Nevertheless,

for this particular cell, the error on the temperature prediction (error < 0.5 K) and its influence on the

plating onset can be neglected.
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Figure 7.35: a) Max. temperature distribution during 1C CCCV charge at 273 K b) Temperature
distribution at the cell core

7.4 Cell comparison

The parametrization process was also performed in cell 3, in order to understand the factors leading to

lithium plating in this cell, and not on cell 4. The nominal capacity of the cells is similar: 2.8 Ah and

2 Ah but the energy density is almost double for cell 3 than cell 4: 214 Wh kg−1 and 148 Wh kg−1.

According to the manufacturer, both cells can be charged from 0°C to 45°C and discharged from

-20°C to 60°C. However, as was presented in the ageing and post-mortem analysis, cell 3 showed

inhomogeneous lithium plating after cycling with C/10 at 273 K whereas investigations with several

methods on cell 4 suggest that lithium deposition did not occur after cycling with 1C and 273 K. After

50 cycles at 263 K with 1C CCCV - CC charge\discharge on cell 4, the capacity loss was minimal

and no optical evidence of plating was found.

The geometrical characteristics of cell 3 are more prone to lithium deposition. The anode electrode

of cell 3 has lower porosity (εcell3 = 21% and εcell4 = 32%) and higher thickness than cell 4 (dcell3 =

75µm and dcell4 = 48µm). Yaqub et al. investigated the effect of electrode loading and observed

strong impact on the cell´s resistance and capacity retention, especially at low temperatures [44]. In

this study two geometries are compared at room and low temperature: high load: thickness 70 µm

porosity 40%, low load: 50 µm porosity 70%. The increase of the charge transfer resistance at -
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30°C was more significant on the high load electrode. Also, the activation energy for the diffusion

coefficient was higher in the high loaded than the low loaded [44].
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Figure 7.36: Anode utilization on a) cell 3 b) cell 4

The C\A ratio for cell 4 is 84.5% and for cell 3 is 92.3%, which has been estimated by the reversible

capacity in CC phase in the voltage window of the individual electrodes: graphite from 0.7 V until 20

mV and the cathode materials from 3V to 4.35V. In the work from Zhang et al. a C\A ratio between

0.85-0.95 was recommended for LCO-graphite combinations. This ratio depends on the differential

capacity of the cathode material at the end of charging. If dQdUcathode falls to 0, the C/A ratio can be

increased to 0.9-0.95. In the case of LiNi0.8Co0.15Al0.05 and LiNi0.6Co0.4O2, the differential capacity

of the cathode at the end of charge is positive, so lower values of the C\A ratio must be employed.

The C\A ratio establishes the relation between the reversible capacity of the electrodes in the oper-

ating voltage range. However, the OCP curves describe the full utilization of the theoretical capacity

of the individual electrodes. In the full cell, the electrodes are just used in a fraction of their voltage

window, in order to avoid electrolyte decomposition at high voltages and lithium plating at low volt-

ages. Figure 7.36 shows the voltage utilization of the anode material for cell 3 and 4. The utilization

of the anode electrode of the high energy cell is much higher than in the pouch cell. This is one of the

possible reasons why lithium plating did not take place in cell 4, where the anode electrode is used

only up to 75% of its capacity.

Figure 7.37 shows similar values of the diffusion coefficient of the anode and cathode electrodes at

298 K calculated by PITT. Here, a value of L= 3.5 µm was chosen for the cathode electrode of cell

4. Depending on the diffusion length, the estimated diffusion coefficient varies between 7 10−11 and

9 10−10 depending on the particle radius (R=2.5 and R=9.5 µm). However, despite of the different

geometry of the electrodes, at room temperature similar diffusion in the solids were measured. The

minima in the anode electrode due to phase transitions shows a shift of 10 mV at the phase transition
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(II→ III). This is related to the cristallinity of the graphite material. The activation energies for the

anode material (see Table 7.9) estimated by PITT are also similar. Therefore, the diffusion in the

anode material does not seem to be the main reason for the low temperature behaviour of the cell.

The variation of the cathodic diffusion coefficient with stoichiometry is slightly decreasing for cell

4, with a strong minima at 3.9 V due to the phase transition. In the case of cell 3, constant diffusion

coefficient is observed with relative minima at 3.6, 4 and 4.2 V, which suggest that no phase transition

occurs during cycling of NCA. This is in good agreement with the literature [127, 128], where just a

second phase is observed at very low lithiation x<0.1 (range out of the voltage window used in cell 3

for NCA). The cathodic limitation of cell 4, due to the phase transition at 3.9 V, could be beneficial for

the anode electrode due to the slower variation of the lithium concentrations. The same effect might

be caused with the higher Eact of the cathode electrode from cell 4. Nevertheless, it can be concluded

that these small differences on the diffusion coefficient of both cells, are not the main factor favouring

the plating onset in cell 3 and avoiding it on cell 4.
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Figure 7.37: Diffusion coefficient of the anode and cathode electrodes of cell 3 and 4

The specific charge transfer resistance of both cathode materials at room temperature are similar

around 0.05 Ω cm2. For the NCA cathode, the values are much lower than the ones reported by Zhang

et al. (4 Ω cm2). However, the electrolyte composition is different and this can lead to a very different

charge transfer behaviour as reported by Smart et al. [27]. Most EIS studies from the literature do not

report specific values, which make difficult the comparison as resistance depends on the surface area

of the electrodes. In a modelling work using cells from the same manufacturer and the same materials

as in cell 4, a similar value was measured for kanode but kcathode was the half. However, electrode

geometry (thickness, porosity) was different in those cells. Finally, the combination of reaction rate

for cell 3 (high energy) are chosen in order to avoid plating (kanode > kcathode). This is necessary, due

to the high anode utilization. Low reaction rate constants lead to high overpotentials on the cathode,
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and therefore the Umax will be earlier achieved. The opposite effect is desired in the anode, where

the objective is to have very low overpotentials in order to prevent an anode voltage lower than zero.

Although the activation energies of the anode are similar in both cells, the higher activation energy of

the cathode of cell 4, is positive to prevent lithium plating as at low temperatures, low anode potentials

will be prevented as the Umax of the cell will be earlier reached.

k Eact,k DPIT T Eact,D

Cell 3
Anode 0.712 51 3.8 10−10 37

Cathode 0.446 48 1.6 10−10 30

Cell 4
Anode 0.446 48 3.8 10−10 39

Cathode 1.32 60 1.410−10 43

Table 7.9: Reaction rate constant, diffusion coefficient and activation energies in A cm2.5 mol−1.5, cm2

s−1 and KJ mol−1 respectively

As the objective of the thesis is the development of charging strategies for low temperature conditions,

the heat generation in the cell plays an important role in the prediction of the charge capacity and on

the onset conditions for lithium plating. During charging, the battery may heat due to the reversible

heat released during the electrochemical reaction. This reversible entropic heat can be positive or

negative and can contribute up to the half of the heat generated in a cell [142]. Therefore the entropic

coefficient dUdT−1 was measured in the commercial cells and in the individual electrodes (small

laboratory cells). Good agreement is found between the values measured on the laboratory cells and

the commercial pouch and 18650. Different values are obtained for dUdT−1 of the anode materials

of cell 3 and 4 but in both cases they follow the same distribution vs stoichiometry. Higher values

were also measured by Williford et al. when the graphite electrode is delithiated. [144].
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The contribution of the reversible heat to the cell heating could be observed in the temperature evolu-

tion during charging. The temperature decrease on cell 4 observed at around 50% SOC is due to the

negative (endothermic) reversible heat which is predominant over the joule heat. This endothermic is

observed at 25°C and 0°C and different C rates (Fig 7.39). However, the slope change in the entropic

coefficient of cell 3 is only observed at C/2 and 25°C (local minima at 20 and 70% SOC). At 1C rate

even at room temperature, the joule heat is predominant and the local minima are not observed.
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Figure 7.39: Surface temperature of cell 3 and 4 during CCCV charge with 1C and C/2 a) at 298K b)
at 273K.

Although the maximum value of the entropic coefficient in both cells is similar (0.2 mV K−1) the tem-

perature increase in cell 3 is considerably higher than for cell 4. Especially at 25°C, the temperature
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increase at 1C is 5 times higher for cell 3 than for cell 4 and at C/2 3.5 times higher. At 0°C, the

difference is lower, 2 times at 1C and 3 times at C/2. This indicates that the reversible heat is one of

the main heat sources since Qrev = I ·T ·dUdT is higher at high temperatures. On the other side, the

joule heat should be higher at low temperature where the overpotentials are higher Q joule = I ·η .

7.5 Discussion of the simulation results

7.5.1 Cell design - Parameters effect

Simulations were performed in order to evaluate the sensitivity of the model towards each parameter

and to determine the cell design that can help avoiding lithium plating when charging at low tem-

peratures. For this purpose, one model parameter at a time was modified and the single layer model

with 1C CCCV charge at 273 K was used. The simulation results were finally compared to the ones

obtained previously by fitting against the experimentally measured potentials.

Reaction rate constant

The reaction rate constant contributes to the overpotential of the individual electrodes through the But-

ler Volmer equation. Figure 7.40 shows the effect of this parameter on the potential of the electrodes.

If the anode reaction rate is reduced to the half and the cathode reaction constant is left unchanged, a

reduction of the anode potential is observed.
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If both reaction rates are reduced to the half, the cathode overpotential increases, therefore reaching

the cut-off potential Umax = 4.2V at lower SOCs. The reduction of the kcathode does not influence
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the anode potential during the CC phase. However, as Umax is reached earlier, the anode particle

concentration during the CV phase decreases leading to higher Uanode. Therefore, the objective of the

cell design should be not only the increase of the anodic reaction rate, but also to keep kcathode < kanode

in order to avoid negative anode potentials at the end of charge. In addition to this, cells with low

reaction rate constants at the cathode heat up faster due to the higher overpotentials. As a downside,

the transferred charge is reduced, as well as the coulombic efficiency. Nonetheless, this can be a good

strategy for applications at low temperatures where high energy density is required and the C/A ratio

cannot be reduced.

Diffusion coefficient

The influence of the diffusion coefficient on the particle concentration is determined by the mono-

dimensional Fick´s law in each voxel. High concentration gradients correspond to faster potential

changes, as the SOC of the individual electrode increases more rapidly. During the parameterization

process, the influence of the diffusion length in the experimental determination of the diffusion co-

efficient was discussed. Figure 7.41 shows the effect on the electrode potential and on the particle

concentration, when different diffusion coefficient expressions are employed. The diffusion coef-

ficient D=f(SOC), as is used in the simulations performed within this work with diffusion length

L ' R = 12 µm is compared to the case of L=R/3 and to the case of constant diffusion coefficient.

L=R/3 is commonly used assuming spherical particles and the expression L = Veε

S . For the case of

constant D (commonly used approach in Li-ion battery simulations), the maximum value measured

by GITT\PITT was chosen and L' R = 12 µm. When a constant diffusion coefficient is considered

over the whole electrode stoichiometry (red line of Figure 7.41) the variation of the concentration

with time is also constant and the electrode potential is similar to the OCP. In all three cases, the

temperature effect on the diffusivity was modelled by assuming Arrhenius dependence. Despite the

reduced diffusion coefficients at lower temperatures, there is not a limitation on the transferred charge

when L = R with respect to room temperature charging. When L = R/3, cs shows a fast decay with

time, and the potential curve does not correspond with the experimental results. A tenfold smaller

diffusion coefficient affects dramatically the potential profiles. In conclusion, the accuracy of the

experimental determination of the diffusion coefficients needs to be improved (literature values vary

by orders of magnitude) and a standard model for the diffusion length is also needed. Despite the

possible errors introduced by kinetic limitations, especially in correspondence of two-phase coexis-

tence regions [108], the simulated potentials profiles, obtained by utilizing the experimental diffusion

coefficients by GITT\PITT, are in good agreement with the experimental potential profiles measured

in a three-electrode commercial cell. During the phase transitions, the structural changes of the lattice

may slowdown the Li ion intercalation. Therefore, a nonlinear variation of the concentration due to

diffusion limitations can predict more accurately the potential stages than a constant diffusion coeffi-
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cient. Finally, although the average particle radii measured by laser diffraction differ slightly from the

simulated diffusion lengths (Lanode=12 µm, Rave,an = 9; Lcathode=8.5 µm, Rave,cat = 4), higher values

for the anode electrode than for the cathode were obtained in both cases.
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Figure 7.41: Diffusion coefficient effect on the a) Anode\Cathode potential b) Anode\Cathode parti-
cle concentrations

Particle radius

The use of smaller particles in the anode active material leads to an increase of the charge capacity

in Li-ion batteries at low temperatures [41]. On the contrary, the use of large particles leads to

higher concentration polarization due to the slower Li+ intercalation. Figure 7.42 shows a comparison

between the particle radius used for the simulations within this work (Ran=12µm and Rcat=8.5 µm

black line) and the effect of choosing smaller or bigger particle radius. When larger particles are used

in the cathode than in the anode (blue line), the plating conditions are not achieved. However, in this

case, the charge process is slower (longer charge time for equal charge capacity) as the cell cut-off

potential Umax is achieved at lower SOCs. If smaller particles are employed in the cathode (green

line), the concentration gradient in the cathode is smaller than in the anode and Umax is reached at

higher SOCs. This can lead to negative potentials on the anode side towards the end of charge. As

example, -5 mV vs. Li/Li+ are reached for a short period at the end of the CC phase if Rcathode is

reduced to the half. According to the results from image processing, the particle size of the cathode

active material is smaller (4 µm) than both the particle size measured by laser diffraction (9 µm) and

the fitted with the single layer model (8.5µm). The disagreement between the values obtained by

image processing and by the other two methods does not lead to considerable errors on the lithium

plating onset predictions (5 mV difference). On the contrary, the particle size of the anode active

material appears to have a much stronger effect. As example, doubling the size of the anode particles
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from the one measured by laser diffraction, results in the anode potential reach -50 mV vs. Li/Li+ at

the end of the CC phase. The anode particle concentrations achieve also values close to cs,max.
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Figure 7.43 shows the dependence of the concentration gradient within the anode particles close to the

separator (x= 48µm) with the particle size, when Uanode achieves its minimum value during charging.

At this stage, the concentration at the particle surface is similar for both sizes, but the concentration

in the particle core is the halved in the case of bigger anode particles. When the particle size of

the cathode is doubled, a reduced concentration gradient within the anode particles is obtained (blue

line) and lower concentrations at the particle surface are achieved. The strongest effect on the anode

concentration gradient is observed by changing the size of Ranode, differences due to the variation of

Rcathode are observed only for r
rp
> 0.7.
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Figure 7.43: Particle radius effect on the lithium concentration within the anode particle

Porosity

In order to evaluate the effect of the electrode porosity on the lithium plating onset conditions, simu-

lations at 1C CCCV and 273 K were performed. The electrode porosities and volume fractions of cell

3 (see 7.4) were used to evaluate if these parameters affect the plating behaviour of cell 3 (this cell is

more susceptible to lithium plating, see section 7.1.2). The other model parameters are the same as

for cell 4 (see Table 6.3). Figure 7.44 shows no difference on the anode particle concentration gra-

dient or in the potential profile if the electrode porosity of cell 4 is reduced to the values of cell 3 in

both electrodes (εe,an = 0.31 and εe,cat = 0.26 for cell 4, εe,an = 0.20 and εe,cat = 0.23 for cell 3). The

increase in tortuosity affects the effective conductivity and diffusivity of the electrolyte for +0.8%

in the cathode and +3.1% in the anode. The variation in the effective parameters (Θe f f = Θ · εp
τ

) is

just a 3%, which does not affect the electrolyte concentration. Therefore, the model predictions are

not affected by a reduction of the porosity εe. Some investigations indicate that the tortuosity values

obtained by the Bruggemann or Carniglia approximation may be underestimated [98]. In order to

evaluate the effect of tortuosity, a microscale model including effects on the real electrode geometry

is necessary. However, the effect of increasing the volume fraction of the active material εs up to

the values of cell 3 (εs,an = 0.46 and εs,cat = 0.57 for cell 4, εs,an = 0.70 and εs,cat = 0.69 for cell

3) leads to negative anode potential vs. Li/Li+ at the end of charge. If the εs of cell 3 is used in

the cell geometry of cell 4, the cell capacity increases to 3Ah (+50%). In addition to this, the anode

particle concentration at the end of charge is also close to cs,max. During the CC phase, if the charge

capacity is 1.5 Ah, the negative electrode reaches -4 mV vs. Li/Li+, with a maximum of -14 mV

vs. Li/Li+ at the end of the CV phase. This prediction is in good agreement with the post-mortem

and experimental characterization of cell 3, which suggest that the cell is very susceptible to lithium
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plating. The difference between the cathodic-anodic volume fraction of cell 3 and cell 4, namely

εs,cat = 0.985 · εs,an in cell 3 and εs,cat = 0.8 · εs,an in cell 4, appears to be one of the main reasons for

the dissimilar plating behaviour. The cathode particle concentration gradient in cell 3 is smaller than

in cell 4. This leads to lower anode potentials before the cell cut-off potential Umax is achieved.
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Figure 7.44: Porosity and active material volume fraction effect on the a) Anode\Cathode potential
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Thickness

The increase of the electrode thickness is one of the cell design strategies for achieving higher energy

density in Li-ion batteries. The electrode thickness of cell 3 is almost the double of cell 4. In order

to evaluate if the higher thickness of cell 3 is affecting the lithium plating behaviour, simulations at

1C CCCV charge at 273 K were performed. The thickness values for anode and cathode were varied

whereas the rest of the model parameters were kept constant as in Table 6.3. As a consequence of

the thickness increase, if porosity and volume fraction are left unchanged, the cell capacity increases

to 4.2 Ah. Charging the battery with CCCV using Ilade = 2A leads to lower concentration gradients

and higher anode potential at the end of charge. Therefore, the increase of the electrode thickness

is not detrimental if the C-rate is kept low, as in this case where a C-rate of 0.5 C is applied. Even

if 1C CCCV charge is applied, the anode potential of the cell with thicker electrodes does not reach

negative values. This result suggests that the thickness increase alone is not the only reason for the

different low temperature behaviour of cell 3 and 4.
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Figure 7.45: Thickness effect on the a) Anode\Cathode potential b) Anode\Cathode concentrations

However, if thickness, porosity and volume fraction of cell 3 are used simultaneously as input param-

eters, the anode potential reaches negative values (-22 mV vs. Li/Li+) in the CC phase, before the

cell potential reaches the cut-off potential of 4.2 V. Therefore, the geometry of the electrode seems to

be the main reason for the fast onset of lithium plating in cell 3.
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Figure 7.46: Comparison electrode geometries of cell 3 and 4. All model parameters from cell 4 are
employed in the simulations except the electrode geometry

Figure 7.47 shows the variation of the anode potential in the x direction (distance from the current

collector) in the previous cases: geometry of cell 3, geometry of cell 4, thickness of cell 3 with

active material volume fraction and porosity of cell 4 and the inverse case. As expected, the cell
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with thicker electrodes (lcell3 εs,e cell 4, red line) is characterized by higher anode potential gradients

across the electrode coating layer. The higher active material volume fraction ( green line) results in

an increase of the anode potential gradients through the electrode thickness with respect to cell 4 due

to concentration polarization (7 mV instead of 5 mV). However, the largest difference is achieved if

both the volume fraction and thickness of cell 3 (blue line) are employed as parameters (dUadx= 40

mV). In this case, the potential gradient is larger than the one obtained from an increase of either one

of the two parameters (20 mV when l = lcell3, 2 mV when εs = εs,cell3). This is in good agreement

with the experimental characterization. In cell 3, due to the combination of large thickness and C/A

ratio, the conditions for lithium plating at the surface close to the separator are achieved at an earlier

stage (35 mV). The electrochemical test in three-electrode configuration provides only the average

value of Ua versus the lithium metal reference electrode. As a consequence, if plating occurs just in a

small area, let’s say 1/8 of the total volume or less, considering a region where just half of the particle

closer to the separator plating occurs, the stripping plateau during the subsequent discharge is not

observed. This may be the case why, in the experimental analysis of cell 3 during charge at CCCV at

C/10 at 273 K, lithium plating was found but the related stripping plateau was not observed.
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Figure 7.47: Electrode´s geometry effect on the anode potential across the electrode thickness

7.5.2 Lithium plating onset

In the previous section it was shown that a variation of 5 mV in the anode potential through the

electrode thickness occurs, from the current collector to the separator, while charging with 1C CCCV

at 273 K. These simulations were performed by applying the single layer model, which does not

consider the effect of the tab position, and which implies the establishment of the boundary condition
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for applied current through the whole current collector surface. Other studies show inhomogeneous

electrode utilization due to high current density gradients within the cell, due to a particular tab

position and cell geometry [58, 152]. Moreover the temperature gradients in the single layer model

are reduced, due to the use of one single layer instead of 54. Therefore, a full-scale model with

the geometry described in table 6.3 was employed, in order to evaluate the minimum potentials

and maximum particle concentrations reached within the negative electrode. Due to the higher

computational time of this model, just CCCV charging simulations with 1C and 4C CCCV at 273 K

were performed. Figure 7.48 shows the gradient of the anode potential across the negative electrode

thickness when the cell achieves the minimum value of Uanode during the charge process. As in the

single scale model, the anode potential decreases with the distance from the current collector up to

5 mV. This is in good agreement with the experimental microscopy investigations (section 7.1.1)

and with the study from Hein et al. [9]. The potential gradient is higher when the cell is charged

with 4C CCCV, despite of the higher temperatures reached within the cell in this case (maximal

temperature of 284.4 K, see Figure 7.49, for 4C CCCV and 275.98 K, see Figure 7.49, for 1C CCCV).
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Figure 7.48: Maximum anode potential gradient across the electrode thickness during CCCV charge
with 1C and 4C at 273K using the full-scale model

However, despite of the high current (4C=8 A), the minimum anode potentials of -12 mV vs. Li/Li+

are reached shortly before the end of the CC step. During the CV step, at the end of charge, the anode

potential increases (Fig.7.33), due to the decrease of the current and of the cell overpotential thus

hindering the lithium deposition the end of the CC step.
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Figure 7.49: 4C CCCV charging simulation at 273K with the Full-Scale model a) Temperature distri-
bution within the cell when the minimum Uanode is achieved b) Temperature distribution
in the cell core

The temperature variation across the cell is more significant when a 4C CCCV protocol is used (∆T =

0.3K) instead of one with 1C CCCV (∆T = 0.05K). However, the temperature gradient between the

cell core and the surface does not follow the spatial variation of the anode potential gradient within the

cell. When the cell reaches the minimum Uanode, the maximum spatial potential gradients within the

cell are 15 mV and 5 mV for 4C and 1C CCCV, respectively. This corresponds to the variation across

the electrode layer thickness (see Figure 7.48). The highest temperature is achieved on the negative

tab in both cases. Although the resistivity of the aluminium current collector is higher than the one

of copper, the layers close to the cell surface are one-side coated cathode electrode foils and therefore

the thermal boundary condition at x=0 and x=cell thickness of T=273 K, lead to lower temperatures

on this tab and on the correspondent current collector.

Figure 7.50 shows the vectorial plot of the current density when the cell is charged at 1C CCCV charge

at 273K. The current densities of the voxels close to the tabs are higher than the ones at the cell´s

bottom. This is the reason for the observed decrease of particle concentration when the longitudinal

position increases (z axis). This leads also to higher anode potentials in the bottom region (see Figure

7.51). In the axial direction, the regions close to the tabs have a higher cs and lower Uanode as was

reported in other simulations works [58, 152].
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Figure 7.50: a) vectorial 3D plot of the current densities during 1C CCCV charge at 273 K b) cross
section of the anode electrode foil from the cell core

Figure 7.51: Two-dimensional distribution in the anode electrode foil from the cell core when the
cell achieved the minimum value of Uanode during 4C CCCV charging at 273 K a) solid
concentration, molcm−3 b) anode potential

If the cell is charged at 4C CCCV and 273K, the current density gradients on the current collectors are

three times higher (see Fig 7.50) than by charging at 1C CCCV and 273 K. However, the maximum

variation of the anode potential in the y and z direction when the cell achieves the minimum Uanode
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is similar in both cases (max ∆Uanode= 0.14 and 0.22 mV). The potential variation in the Y-Z Plane is

very low (see Figure 7.51), as the temperature gradients in plane is also very low (0.2 K).

In the section 7.2 the transport and kinetic parameters were experimentally measured at different tem-

peratures and finally fitted against the cell potential using a reference electrode. It was concluded that

the reduced charge transfer overpotential at the anode respect to the cathode one hinders effectively

the lithium plating in cell 4. The low value of C/A ratio also contributes to the cell good safety

performance. In this section, possible inhomogeneities within the cell geometry due to temperature

gradients have been analysed under high C-rate conditions (4C) and at low temperatures (273 K).

Even under these critical conditions, out of the specifications recommended by the cell manufacturer

(maximum charge rate at 273 K was 0.2 C) the anode potential gradients are not significant (max.

35 mV across the cell thickness). In addition to this, the difference between the minimum anode

potential within the cell (-9 mV) and the average potential measured in the cell (-3.5 mV) is very

low. The difference between the minimum anode potential reached in the full scale model and in the

single layer model is 10 mV. Based on the experimental results for the onset of lithium plating, anode

potentials smaller than -100 mV vs. Li/Li+ are neccesary to start the lithium deposition reaction at

high C-rates. Therefore, the single layer model can be used to evaluate optimal charging strategies at

low temperature, in order to avoid lithium plating conditions.

7.5.3 Charging conditions

As the variation of the anode potential and of the solid concentration within the cell, evaluated with

the full-scale model, is not very significant, the single layer model was considered sufficient to eval-

uate which C-rate could be employed in the charging strategies at 273 K to avoid the onset of lithium

plating on cell 4 . Figure 7.52 shows that the variation of the anode potential and solid concentration

does not vary substantially with the C-Rate, which could be explained by the positive effect of the

temperature increase with increasing C-Rates. In the single layer model the average electrode poten-

tial is positive during the whole charging process while charging at 4 CCCV (min Uan,average=3 mV)

while the min Uanode,local achieved is -3.5 mV. This slightly negative electrode potential might not be

enough to start the lithium deposition reaction, as explained in the previous section 7.15. Therefore,

high C-rate up to 4 CCCV can be employed. Alternatively, higher C-rates for a shorter period of time

could be used.
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Figure 7.52: C-rate effect on the a) Anode\Cathode potential b) Anode\Cathode particle concentra-
tions during CCCV charge at 273 K

When charging the cell at sub-zero temperatures the temporal variation of cs from the cathode is

faster than for the anode. This is due to the higher activation energy of this electrode. At 263 K, the

minimum anode potential reached is not negative, as the cell potential reaches the cut-off potential

earlier. This is in good agreement with the accelerated ageing test, which indicates that no lithium

plating occurs after cycling the cell at 1C and 263 K. During charging at 253K, the concentration

polarization in the cathode electrode prompts an increase of the anode potential before the cut-off

potential is reached.
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As mentioned in the Model validation section 7.3, the IR drop predictions at 0% SOC is underes-

timated by the model at C-rates higher than C/2 at 273 K. However, the transferred charge during

the CCCV charging is well predicted by the model. The transferred charge during a CCCV charge

protocol is strongly influenced by the duration of the CC phase, in which the maximum current is ap-

plied. Figure 7.54 shows the results of the simulations and of experimental measurements at 273 K,

regarding the charge capacity during the CC step and the total charge capacity. The model predictions

regarding the CC phase are in agreement with experimental measurements up to 2.25C. At higher C-

rates the experimental test presents higher IR drops and, consequently, reduced duration of the CC

step. For C-rates higher than 3.5-3.75C, when the cell is charged from 0% SOC, the cut-off potential

is reached within seconds, depending on the cell resistance. However the total charge capacity is

well predicted by the model, with a constant overestimation error of 6%. Finally, the inclusion of

reversible and irreversible heat and the thermal and SOC dependence of parameters like the diffusion

coefficient and the reaction rate constant, leads to a reliable temperature estimation of the potential

profiles at high C-rates and low temperatures. Figure 7.54 b) shows the temperature variation during

the CCCV charge at different C-rates. The temperature measured at the cell surface is 1 K higher

than the average temperature predicted by the simulation. This is due to the underestimation of the

cell resistance at the beginning of charge. However, the maximum temperature achieved and the cell

self-heating are in good agreement with the simulation. During charge at 2 CCCV and 273K, local

minima due to the endothermic reversible heat are observed in the both experiments and simulations.

At higher C-rates, the irreversible heat becomes predominant, and it is well predicted by the model.
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7.6 Charging protocols

As the simulations at 273 K and different C-rates showed, cell 4 did not reach plating conditions when

high C-rates are employed (up to 4C). Accelerated ageing tests at 263 K and 1C suggest that the cell

design prevents lithium plating due to the low C/A ratio. Therefore, different charge protocols were

developed and tested at 273 K using high C-rates, with the objective of reducing the charging time

and maximizing the charge capacity. The charge factor, CF, was also determined in order to evaluate

both charge capacity and time. The charge factor of a specific protocol corresponds to the equivalent

current that, by using a CC protocol, results in the same charge capacity at the same charging time

CF =
Qcharged
tcharge

.

7.6.1 CCCV protocols

Cells were cycled with CCCV charge - CC discharge using various C-rates at 273 K. The maximum

C-rate that could be employed without having a too high IR drop was 3.75 C (some cells could also be

charged at 4C, depending on the cell resistance). The use of higher C-rates does not allow to heat up

the battery, as the cut-off potential of the cell is very fast achieved (high IR drop). Figure 7.55 shows

the effect of the C-rate used during the CC step on charging time, charge capacity and charge factor.

As expected, the charge capacity is reduced when the C-rate increases. However, in the case of cell

4, this reduction is not very significant. Therefore, if the charging time is a constraint, as it may be

for electro-mobility applications, the C-rate that maximizes the charge factor should be considered.

In the case of cell 4, the charging time at 4C is reduced by almost one third compared to 1C CCCV,

whereas the charge capacity is just reduced by 5% (82 min, 1.73 Ah at 1C CCCV to 32min, 1.65 Ah

at 4C CCCV) .

Ageing tests at 273 K showed very low capacity fade (< 1% of the initial capacity) after 200 cycles

charging at 3.75C CCCV. In these conditions, the battery is charged in 48 min to 76% of its nominal

room temperature capacity. The charging time is 20% lower than the one recommended by the man-

ufacturer at room temperature (1C CCCV charge at 298K in 60 min). This shows that fast charging

can be also employed at low temperatures without detriment of the lifetime and without safety risk, if

a suitable cell design is employed.
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Figure 7.55: a) Charge performance: charging time, charge capacity (Ch. Cap) and charge factor (CF)
of the CCCV protocols at 273 K with different C-rates

7.6.2 Pulse charging protocols

Pulse charging protocols have shown beneficial effects, in terms of charging time reduction and in-

crease of the lifecycle of Li-ion batteries at room temperatures [73–75]. In order to increase the charge

capacity and reduce the charging time, the use of very high C-rates during a pulse step, previous to

a CCCV step, was proposed. Table 7.10 describes the tested low frequency pulse protocols, using

different C-rates and repetitions. The objective of using a pulse protocol is to heat up the battery

during the period of pulses, which should allow the cells achieving increased charge capacities. All

low frequency pulse tests were preceded by a 1C CC step up to 1% of Qnom, as a higher IR drops

were measured at 273 K when the battery was fully discharged (SOC=0). The resting period was

controlled by measuring the temperature on the cell surface (next pulse starts when the T<278 K).

Protocol Ipulse A Repetitions Icccv A

Pulse Test 1 6 20 2

Pulse Test 2 6 30 2

Pulse Test 3 10 10 4

Pulse Test 4 12 10 6

Table 7.10: Characteristic of the low frequency pulse protocols
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Figure 7.56 shows a summary of the charge performances of the tested low frequency pulse protocols.

A positive effect on the cell temperature during the pulses is observed with the pulse protocols 1 and

2. If 3C pulses are employed (Ipulse = 6A), increasing the number of repetitions from 20 to 30 leads

to increased charge capacities (+4.4%). The charging time is also reduced by 1 minute. The charging

time is also reduced by 10% in comparison with the 1C CCCV charge protocol. In order to evaluate a

possible reduction on the charging time, high C-rates for Ipulse and Icccv were chosen in pulse protocols

3 and 4. Due to the high IR drop observed with Ipulse = 10 and 12A, Umax is achieved within seconds

and the cell temperature does not increase. Therefore, the charging time and charge factor are not

improved with respect to the 2 and 3 CCCV cases, but the charge capacity is higher in both cases,

probably due to the inclusion of a 1C step at the beginning of charge.
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Figure 7.56: Charge performance: charging time, charge capacity (Ch. Cap) and charge factor (CF)
of the low frequency pulse protocols at 273 K with different C-rates

Although all the previous pulse protocols achieved better charge capacities than the CCCV protocols

using the same current, the charging time was not reduced. However, pulse test 3 achieved the same

charge capacity as the CCCV protocol with lower current (C/2) in 28% less time. This strategy can

be used if maximizing the charge capacity is the objective. High frequency tests were proposed with

the objective of achieving higher temperatures and reducing the charging time. The problem of these

protocols is that the cycling station cannot not control the potential limits when C-rates higher than

1.75 C are employed. Table 7.11 shows a description of the tested high-frequency charge protocols.

The phase of high frequency pulses is composed of 1.75 C constant current charge steps, with either a

resting period or a discharge pulse in between. The protocol includes a CV phase at the end of charge.

122



7.6 Charging protocols

Protocol tCh,pulse ms IDisch A tDisch,pulse ms Icccv A

Pulse Test 5 100 3.5 20 3

Pulse Test 6 100 0 20 3

Pulse Test 7 100 0 10 3.5

Pulse Test 8 100 2 10 3.5

Pulse Test 9 300 3.5 50 3.5

Pulse Test 10 300 0 30 3.5

Table 7.11: Characteristics of the high frequency pulse protocols

Figure 7.57 shows the charge performance of the high frequency pulse protocols. In all the cases the

charging time is increased in comparison to the 3A CCCV or 3.5A CCCV protocols. The maximum

temperatures achieved are between 275.9 and 276.86 K, which is less than 1 K difference respect to

the 3 or 3.5 CCCV protocols. The charge capacity increases 6% with respect to the CCCV test at the

same C-rate. Variations of the resting period between pulse protocols 6 and 7 do not result in large

differences. The test with a shorter resting period of 10 ms, instead of 20 ms, shows higher charge

capacity and reduced charging time. Similar behaviour is observed between cells charged with pulse

tests 9 and 10. The increase of the discharge period in Pulse Test 9 does not have any effect on the

charge capacity and charging time. When discharge pulses are employed instead of resting periods,

higher temperatures are achieved (∆T =0.4-0.8 K). Results suggest that when the pulse period is short

(around 110 ms), some improvements over longer period pulses (330 ms) in the charge capacity are

observed. However, no difference between protocols is observed when the frequency of the pulse

is lower (Test 9 and 10). Finally, it can be concluded that the use of low and high frequency pulse

protocols previous to the CCCV step induces a slight improvement in the charge capacity at 273

K. The inclusion of a resting period or a discharge period is supposed to decrease the concentration

polarization, as proposed by Keil et al. [70]. However, it was not possible to achieve considerable

temperature increase through internal heating over the case of CCCV charging. Longer discharge

periods with higher C-rates might be necessary. However, in this case, the efficiency of the system

is substantially reduced. Longer charging times are also expected to charge the same capacity, as

resting periods or negative currents are included. In addition to this, the high IR drop of the cell at

low temperatures impedes the control of the cut-off potential, which can be detrimental for the battery

lifetime.
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Figure 7.57: Charge performance: charging time, charge capacity (Ch. Cap) and charge factor (CF)
of the high frequency pulse protocols at 273 K

7.6.3 Multi-stage charging protocols

With multi-stage charging, it is intended to apply reduced current in stages in order to avoid degrada-

tion at high SOCs. Many studies suggest that the SOC of the cell has a strong influence on the charge

performance of the cell [49, 61, 70, 78]. Therefore, using different C-rates during the charge protocol

was proposed as a promising strategy.

Protocol Istages A Icccv A

MS Test 1 6, 8 4

MS Test 2 7, 8 6

MS Test 3 10, 7 8

Table 7.12: Characteristic of the multi-stage charging protocols

Table 7.12 summarizes the multi-stage charging protocols tested on cell 4 at 273 K. The multi-stage

protocols were preceded by a CC step at 1C ending when 1% of Qnom is achieved. The end of each

stage was determined by the condition U = Umax. Figure 7.58 shows the charge performance of the

different multi-stage protocols. MS Test 3 results in a reduction of the charging time, as well as

in an improvement of the charge capacity and therefore of the charge factor (−6%, +4%, +10%

respectively over the 8A CCCV test). This is due to the high temperature achieved (T=280 K) when

the CV phase starts. In the case of MS Test 1 and 2 the temperature at the beginning of the CV phase
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is 278 and 277 K, and no improvement is achieved in comparison to the CCCV protocol with 4 and 6

A respectively.
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Figure 7.58: a) Charge performance: charging time, charge capacity (Ch. Cap) and charge factor (CF)
of the Multi-stage protocols at 273 K

7.6.4 Boost charging

Boost charging protocols are similar to CCCV protocols but they include a high current pulse before

the CCCV phase. In this case, the criteria for the boost-step-ending was U = Umax. Table 7.13

describes two boost charge protocols using different Iboost and Icccv. Two further protocols were tested

where boost and pulse charging are combined. The pulse current in these cases is equal to Iboost=8 A.

In all cases, a 5% of the capacity was charged at the beginning with a 1C CC step.

Protocol Iboost A Icccv A Umax Pulse Repetitions

BC Test 1 8 7.5 4.2

BC Test 2 9 7.5 4.25

BC+Pulse Test 1 8 7.5 4.2 30

BC+Pulse Test 2 8 6 4.2 10

Table 7.13: Characteristic of the boost charging protocols

Figure 7.59 shows that the minimum charging time and maximum charge factor are achieved when

a) high currents of 9 A are used in the boost step and b) the cut-off voltage is increased to 4.25 V

(BC Test 2). Higher charge capacities were measured in cells charged with the BC Test 1 and 2 than

with the equivalent 7.5A CCCV test (+6.2% and +7.5% respectively). The inclusion of two pulses
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instead of one (multi-stage protocols), has a positive effect as the cell temperature at the beginning of

the CV phase is higher with respect to boost protocols. BC Test 1, with just one pulse, achieves the

lowest temperature at the beginning of the CV phase, 274.8 K and the same charge capacity as the

CCCV at 7A. However, the addition of more pulses before the CCCV step (BC+Pulse test 1 and 2),

does not result in an improvement of the charge capacity neither in a reduction of the charging time.

This suggests that a high number of pulse repetitions at high C-rates may lead to a reduction of the

charge capacity due to concentration polarization.
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Figure 7.59: a) Charge performance: charging time, charge capacity (Ch. Cap) and charge factor (CF)
of the boost protocols at 273 K with different C-rates

As a conclusion, depending on the parameter that should be optimized (charge capacity or charging

time) a different charge protocol should be employed. If both parameters are important, the protocol

that maximizes the charge factor could be chosen. The highest values for the charge factor (CF>3)

were achieved with CCCV protocols using Icharge>6A (3C). The highest improvement on the charge

capacity compared to their equivalent CCCV protocols was obtained by the addition of low frequency

pulses (+9.4% with Pulse Test 2). However, the increase of the charging time with respect to the

CCCV is +73%. Including a boost charge step also achieves an increase of the charge capacity of

+7.5% with an increase of the charge time of +27%. The faster protocol to charge cell 4 has a

duration of 30.6 min with the 3.75 CCCV protocol (7.5 A).

7.6.5 Ageing

Finally, the most promising charging protocols were investigated in terms of battery lifetime. On one

side, the 3.75 C CCCV protocol presents the shortest charging time and the highest charge factor.
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Depending on the cell resistance, it was observed that the maximum C-rate that could be applied was

between 3.75 and 4C. The cells could be charged in a similar time but with higher charge capacity

with the 3C CCCV protocol. Therefore, cells were cycled at 3.75 and 3C CCCV during 200 cycles in

order to evaluate degradation. In order to evaluate if the introduction of pulses at high C-rates before

the CCCV phase could lead to lithium plating, BC+ Pulse Test 1 and 2 were also tested for 200 cycles.

High frequency pulse tests using 4.25 V as cut-off potential were also evaluated, but after some cycles

the cycling station lost the current control.
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Figure 7.61: Charging performance of cell 4 during 3C CCCV charge at 273K

Figure 7.60 shows the capacity fade of these protocols over 200 cycles. Cells cycled with BC+Pulse

Test 1 present the highest degradation (1.71 % of the initial capacity). The lowest degradation is

observed in cells cycled with 3 CCCV (0.69 % of the initial capacity the specific conditions). This

degradation is lower than the measured when cycling at C/10 at 298 K for 50 cycles (1 % of the

initial capacity at the specific conditions). At lower temperatures, the kinetic for the SEI growth
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are supposed to be slower which explain the lower capacity fade. Figure 7.61 shows the charg-

ing performance of the most promising charge protocol at low temperature for the cell under study.

In conclusion, the experimental results suggest that CCCV protocols at high C-rates are the most

promising strategy for fast charging applications at low temperatures. When the charging time is not

a constraint, the use of pulses at high C-rates previous to the CCCV step allow to increase the charge

capacity in less time than CCCV protocols at lower C-rates. The use of high C-rates in the charging

protocols at low temperatures does not involve that the lithium onset conditions are achieved at the

anode. Contrary to many studies were lithium plating was found after charging at low temperatures

in cells with different formats and energy densities [61, 66, 151], the previous results suggest that a

proper cell design can prevent this phenomena.

7.7 Direct determination of diffusion coefficients in commercial

Li-ion batteries

The predictions obtained with the experimentally parametrized model for cell 4 are in very good

agreement with the experimentally measured voltage curves at low temperatures and high C-rates.

The main disadvantage of these models is the complex parametrization process. In an attempt to

simplify this process obtaining the parameters directly from the commercial cell was pursuit. The

GITT experiment performed on three-electrode cells show that it is possible to obtain the diffusion

coefficients of the individual electrodes by a GITT experiments on commercial cells. This approxi-

mation avoids the time consuming cell opening, sample preparation and the assembly of laboratory

cells. The results presented within this chapter belong to an article published on [101].

GITT experiments on cell 4 were performed on the pristine commercial cell and in three-electrode

configuration using a lithium reference electrode (ECC-PATT cells). Figure 7.62 shows the potential

profiles of the pristine commercial cell and the three-electrode cell (reassembled cell) during the

GITT experiment. The profiles of the two cells coincide, which indicates that the cells have similar

overpotentials at low C-rates and the GITT analysis on the potential of the commercial cell can be

compared with the three-electrode cells. The cathode curve shows two plateau around 3.5 V and 3.9 V

vs. Li\Li+. This was already observed by Mazas-Brandariz et al. [143] on LiNi0.2Co0.802 electrodes,

who attributed the two plateaus to the oxidation of nickel and cobalt, respectively. The graphite curve

shows an initial pronounced voltage drop at low SOCs followed by three consecutive plateaus at 0.2

V, 0.11 V, and 0.08 V corresponding to the different intercalation stages of graphite [17]. Therefore,

the shape of the full cell potential profile is mainly determined at low SOCs by the anode potential

and at high SOCs by the cathode potential curve. This is due to the flat profile of the anode potential

128



7.7 Direct determination of diffusion coefficients in commercial Li-ion batteries

at high SOCs (> 50 %). The diffusion coefficient can be determined by the following equation 6.2

using the potential response during the pulse and after relaxation obtained by the GITT technique,

the pulse duration and the diffusion length. The relation between the equilibrium potentials ∆Us,i and

the dynamic overpotentials ∆Ut,i, is defined here as voltage ratio: V Ri = (∆Us,i/|∆Ut,i)
2
i . They are

obtained from the potential response as described in figure 6.3. ∆Ut is the polarization voltage during

the charge pulse minus the IR drop and ∆Us is the increment on the equilibrium voltage after each

galvanostatic titration step. Therefore, the experiments on commercial cells allow to obtain the full

cell voltage ratio V Rcell . This is related to the voltage ratios of the anode and cathode electrode by

the following formula:

(
∆Us

∆Ut
)2

cell = (
∆Us,cat −∆Us,an

∆Ut,cat −∆Ut,an
)2 (7.10)

Figure 7.62 b) shows the profiles of V Rcell obtained from the commercial cell 4 and in three-electrode

configuration. The maxima in Figure 7.62 b) correspond to areas of steep slope in the cell potential

profiles (Figure 7.62 a) and the minima correspond to the potential plateaus.

Figure 7.62: a) GITT response of the commercial cell 4 and the three-electrode configuration (ECC-
PAT reassembled) versus the state-of-charge (SOC). Cathode and anode GITT response
obtained in three-electrode configuration. b) V Rcell obtained from the GITT response
measured on the commercial and in three-electrode configuration from cell 4 versus the
cell potential

Different regions can be identified: a plateau for cell potentials lower than 3.4 V, corresponding to the

constant potential slope region at low SOC of the cell (low lithiation of graphite). A minimum around

3.5 V corresponding to the 220 mV plateau of graphite; a broad maximum located at approx. 3.6 V,

corresponding to the potential drop of the anode between SOC 0.2 and 0.4; a minimum at 3.8 V, cor-

responding to the 110 mV graphite plateau and the 3.9 cathode plateau and another local maximum at

approx. 3.95 V is found corresponding to the potential step of graphite located at SOC=0.8. In Figure

7.62 b) the maxima have been assigned to the stages of graphite for an easier identification of the
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regions. The profiles of V Rcell obtained with the commercial cell and in three-electrode configuration

are almost superimposed and therefore the voltage ratios obtained in the three-electrode configuration

can be applied for the characterization of the commercial cell.

Figures 7.63 a) and 7.63 b) evaluate the voltage ratio profiles (∆Us,i/|∆Ut,i)
2
i and their individual

components |∆Us,i| , |∆Ut,i| obtained from the GITT experiments in three-electrode configuration for

cell 4. The contribution of ∆s,an to ∆Us,cell decreases with increasing SOC, due to the broad graphite

plateaus at medium and high SOCs. At SOC > 0.5, ∆Us,cell w ∆Us,cat . A similar behaviour is observed

for ∆Ut,i, although the anode contribution can only be neglected after stage II of graphite (SOC >

0.82). As a consequence, three regions can be identified: for SOC < 0.05, |∆Ui,an| >> |∆Ui,cat | ,

being i = s,t so that |∆Ui,cell|w |∆Ui,an|. This region corresponds to the initial intercalation of graphite

up to stage IV [17]. For 0.05 < SOC < 0.82, a mixed contribution of anode and cathode is observed.

At the beginning of this region, around 0.1 < SOC < 0.3, two peaks are observed corresponding to the

stages III and IIL of graphite [17]. Stage II of graphite is observed at SOC = 0.75. Finally, at SOC >

0.82, |∆Ui,cell|w |∆Ui,cat | as |∆Ui,cat |>> |∆Ui,an|, i = s,t, although some contribution from the anode

is observed (∆Ut,cell = 1.2 ·∆Ut,cat). Therefore, in these regions similar results are obtained for VR in

the full cell and the individual electrodes (see Figure 7.63 c). At SOC < 0.05, V Rcell = 0.97 ·V Ran and

at SOC > 0.82, V Rcell = 0.5 being V Rcat = 0.8. These discrepancies are minimal when the range of

variation for diffusion coefficients is orders of magnitude. In conclusion, since V Rcat is proportional to

the cathode’s diffusion coefficient (equation 6.2), it results that GITT experiments performed directly

on commercial cells can be used to estimate the diffusion coefficients of the cathode at high SOCs

and of the anode at low SOCs.

As graphite is employed as anode electrode in most lithium ion batteries, similar behaviours are

expected with other cathode materials. Figure 7.63 d-f shows the GITT results obtained for cell 3

(NCA/graphite) in three-electrode configuration. The |∆Us,i| , |∆Ut,i| and VR profiles are similar as

the ones measured in cell 4. The main difference is the disappearance of the minimum at intermediate

SOCs, suggesting the absence of a potential plateau with NCA. A shift of the stage II of graphite is

also observed due to the different cell balancing (higher anode utilization, see section 7.4).
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7.7 Direct determination of diffusion coefficients in commercial Li-ion batteries

Figure 7.63: a) |∆Us,i| , b) |∆Ut,i| , c) (∆Us,i/|∆Ut,i)
2
i of cell 4 (NCO/graphite), in three-electrode

configuration versus SOC. d) |∆Us,i|, e) |∆Ut,i| f) V Ri of cell 3 (NCA/graphite), in three-
electrode configuration versus SOC.

At SOC > 0.9, a pronounced drop of the voltage ratio is observed resulting from a decrease of ∆Us,cat

and a steep increase of the cathode polarization ∆Ut,cat . In this case, the full cell voltage ratio is

approximated by the cathode voltage already for SOC > 0.78, with V Rcat= 0.3 and V Rcell= 0.23. The

profile of the cathode voltage ratio, and therefore the cathode diffusion coefficient, presents a constant

value in most of the SOC range. Therefore, the values obtained at high SOCs with the commercial

cell (for 0.8 < SOC< 0.9) can be employed for the estimation of the cathode diffusion coefficient

in the whole SOC range. In order to determine the beginning of the cathode-controlled region, it is

necessary to identify in the V Rcell profiles the peak corresponding to the stage II of graphite. In order

to identify this region, differential capacity curves (∂Q/∂U)cell might be utilized, as the maxima in

the differential capacity curves correspond to the minima in the V Rcell profiles [106]. Figure 7.64

shows the V Rcell and the (∂Q/∂U)cell curves during charge, versus the SOC of three commercial
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cells with different cathode materials: LCO (cell 6, Fig. 7.64 a), NCM (cell 2, Fig. 7.64 b) and LFP

(cell 5, Fig. 7.64c).

Figure 7.64: V Rcell and (∂Q/∂U)cell profiles from the commercial cells. a) cell 6 (LCO/graphite), b)
cell 2 (NCM/graphite) and c) cell5 (LFP/graphite) versus SOC

In the three cells, the peaks corresponding to stages III and IIL of graphite [17] were found on the

V Rcell profiles at low SOCs between 0.1 and 0.2. At higher SOCs, the peaks are due to both anode

(peak II of graphite) and cathode contribution, and its differentiation is more ambiguous. Figure

7.64 a) shows three minor maxima at high SOC (SOC> 0.5) in the (∂Q/∂U)cell of cell 6. These

are located at 3.94, 3.98, and 4.1 V (SOC = 0.66, 0.76, 0.87, respectively). LCO is known to have
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7.7 Direct determination of diffusion coefficients in commercial Li-ion batteries

two minor phase transitions at 4.1 V and 4.16 V vs. Li\Li+ [153]. Assuming a potential for the

anode of about 0.1 V versus Li\Li+, the two high-SOC maxima correspond to these LCO transitions.

The first minor (∂Q/∂U)cell peak at SOC = 0.66 is not associated to any phase transition of LCO,

but it results from the presence of the adjacent deep at SOC = 0.62 resulting from the stage II of

graphite. Correspondingly, the peak centered at SOC = 0.63 in the V Rcell profile is assigned to stage

II of graphite. The position of this peak depends on the cell balancing (anode utilization) and varies

between SOC = 0.5 and SOC = 0.8. In the (∂Q/∂U)cell curve of cell 2 (Fig. 7.64 b), two peaks at 3.9

V and 4.1 V (SOC = 0.67 and 0.86, respectively) are observed. These may indicate the presence of

two minor phase transitions as was observed in cell 6. The intense peak centered at 3.6 V is probably

due to the superimposition of the potential plateaus of graphite and of the cathode [154]. The broad

peak centered at SOC = 0.7 on the (∂Q/∂U)cell profile corresponds to the two correspondent plateaus

(anode and cathode). Therefore the sharp peak centered at SOC = 0.55 on the V Rcell profile can be

assigned to stage II of graphite. In the case of cell 5 (LFP/graphite), due to the flat profile of LFP,

the full cell profile resembles the profile of the anode, and the peak at SOC = 0.76 is unambiguously

assigned to the stage II of graphite. Due to the broad graphite plateau after stage II, the V Rcell

is expected to be determined by V Rcat on this region. The dashed lines in Fig. 7.64 indicate the

limit for the anode and cathode controlled regions. Table 7.14 shows the diffusion coefficients of

cells 2 – 6 calculated by equations 6.2 and 7.10. The diffusion length L was set to be equal to

the particle radius R. Obviously, the diffusion coefficient varies greatly with the diffusion length,

given the quadratic dependence of D on L (Eq. 6.2). The particle radii of the active materials in

cells 3 and 4 obtained by laser diffraction was employed (see section 6.3) and reference values of

10 µm for graphite, LCO, NCM and of 500 nm for LFP were employed for cells 2, 5 and 6. In

the case of cells 3 and 4, the values are compared to the ones obtained from the GITT response

measured in three-electrode configuration. The diffusion coefficients of graphite were calculated in

the single-phase regions corresponding to the stages IV, IIL, and II. The values of D vary between

10−10 and 10−9cm2s−1 in the three regions. Good agreement is obtained between measurements

in the commercial cell and in three-electrode configuration, except on the diffusion coefficient of

graphite for cell 3 at low SOC, where an order of magnitude discrepancy is observed (due to non-

negligible cathode contribution). Cell 5 (LFP/graphite), in the zones IIL and II presents lower graphite

diffusion coefficients, resulting from the low values of V Rcell . The cathodes’ diffusion coefficients

were calculated in the cathode-controlled zone after stage II of graphite (at the maxima of VR for

SOC > 0.8). A good agreement is also observed between measurements in commercial and three-

electrode cells. Values of the cathodic diffusion coefficients varies between 10−10 and 10−9cm2s−1,

except for LFP where the obtained diffusion coefficient are lower, close to 10−15cm2s−1.
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7.7 Direct determination of diffusion coefficients in commercial Li-ion batteries

However, in LFP the coexistence of two phases does not allow to neglect the voltage change due to

the interaction between the intercalated species [155]. For NCO, in the same region, values of D

between 10−11 and 10−8cm2s−1 were reported [104, 132, 156] whereas the diffusion coefficients of

NCA are usually confined between 10−11 and 10−10cm2s−1 [128,133,134]. The diffusion coefficients

obtained with LCO (cell 6) and LFP (cell 5) are close to the average values reported by Park et al. [16].

For NCM values comprised between 10−11 and 10−8cm2s−1 were reported [44, 157]. The diffusivity

increases with the nickel content, with a variation of ca. half an order of magnitude between NCM333

and LiNiO2. This was also reported by Lee et al., with values ranging between 1 and 2 10−8cm2s−1 for

NCM523, NCM622 and NCM721 [158]. However, NCM333 and NCM523, present very similar diffusion

coefficients, which was also confirmed by Amin and Chiang [159] with diffusion coefficients of

10−10cm2s−1 at 25 °C. In general, a comparison of the values is difficult as the reported data are very

scattered due to the different values of diffusion lengths used for the calculation. Diffusion lengths

are often not reported and in many cases the diffusion coefficient is calculated with the surface area or

other methods, which leads to very different values [107]. As the estimation of the electrochemically

active surface has not been yet successful, the BET method employed overestimates this surface as

the loosely electrically connected microparticles are included in the calculation [136]. The use of

the particle radius was proposed to provide a better approximation to the diffusion length [106]. For

graphite, the particle radius varies between 5 and 20 µm and therefore an average particle radius of 10

µm can be assumed. A wrong estimation of the diffusion length could lead in this case to a variation

of D of one order of magnitude [107]. In case of the cathode material, the variation of the particle

size may be larger, especially for LFP or in batteries employed for high power applications, for which

also nanoparticles are used. A wrong estimation of the diffusion length could lead here to a variation

of D of several orders of magnitude.

7.7.1 Activation energies for the lithium diffusion

In order to evaluate the possibility of estimating the activation energies of the individual electrodes

by the GITT response directly obtained from commercial cells, the results from GITT experiments

at different temperatures performed on half cells with NCO and graphite as working electrodes and

metallic lithium as counter electrode (see Figure 7.28) were compared to the ones obtained directly

from GITT experiments on cell 4.

Figure 7.65 shows the logarithmic plot of VR versus inverse temperature for graphite and NCO in

half cell configuration and the values obtained directly from the commercial cells 2, 3 and 4. A linear

behaviour is observed in all cases, which corresponds to Arrhenius behaviour:
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ln(V R) =V R0−
Eact

RT
(7.11)

where R is the universal gas constant, T the absolute temperature, and Eact the activation energy for

the diffusion coefficient. The values of Eact are listed in Table 7.15. At low lithiation degrees (zone IV

and in stage IIL), graphite has activation energies slightly lower than 20 kJ mol−1, whereas activation

energies between 40 and 50 kJ mol−1 are observed in the stages III and II. Eckert et al measured

activation energies using GITT in graphite electrodes from the same manufacturer of 48.9 kJ mol−1

at 70 % SOC. Levi et al. measured activation energies of 14.4 kJ mol−1 and 22 kJ mol−1 for the stages

III and I of graphite, respectively [23, 160]. Other sources reported values ranging from 20 to 40 kJ

mol−1 [137, 161, 162], although activation energies of 5 kJ mol−1 were reported at SOC = 0 [163].

The high scattering of the values might be due to the error induced if kinetic contributions are not

removed from the overpotential, but also to the fact that the activation energy varies with the type

of graphite employed, i.e. by the concentration of defects and by the microporosity of the utilized

graphite [161].

Cell
Eact / KJ mol−1

IV III IIL II Cathode

4 (half cells) 17 40 17 47 24

4 15 14 16 15 21

3 22 21 12 25

2 13 16 11 29

Table 7.15: Activation energies for anodes and cathodes in cells 2,3 and 4

In addition, the activation energy seems to vary with the lithiation degree and most measurements

are performed at single lithiation degrees. In cell 4, the activation energy appears to increase with

increasing lithiation degree, although the intermediate stage IIL shows anomalously low activation

energy. This might be attributed to the broadening of peak IIL with increasing temperature or to the

disappearance of this peak at low temperatures as reported by Dahn et al. [21]. The activation energy

for NCO measured in the VR plateau region at high SOC is equal to 25 kJ mol−1. A similar value of

32 kJ mol−1 was measured by GITT for the same material [113]. These values are also similar to the

one calculated for LCO, by DFT calculations, by Okubo et al. [164].
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7.7 Direct determination of diffusion coefficients in commercial Li-ion batteries

Figure 7.65: Voltage ratios VR versus inverse temperature. The dashed lines indicate the fitting with
Arrhenius equation

Figure 7.66 shows the VR profiles at different temperatures obtained from the commercial cells with

NCO (cell 4), NCA (cell 3) and NCM (cell 2) as cathode materials. In the commercial cells, the V Rcell

results from the combination of the anode and cathode contributions as determined by equation 7.10.

In cell 4, V Rcell decreases with decreasing temperature, but the graphite and cathode peaks don’t

show any shift, thus indicating that the cell capacity at low C-rates is not affected by the temperature

decrease. On the contrary, cells 2 and 3 present a shift of the initial charge state and therefore the

lithiation stage IV is not observed at temperatures lower than 25 °C. This is in good agreement with

the low temperature study from chapter 7.1.2. The cells were discharged at the same temperature

as the GITT experiment and therefore full discharge is not achieved at low temperatures although

the discharge is carried out at low C-rates (C/4). Lower C-rates must be employed to obtain the

information on the anode diffusion coefficient as in this region the contribution of V Rcat is negligible.

The other possible alternatives are peaks III and IIL at SOCs between 0.1 and 0.2 and the peak from

stage II. Although, this peak is sharp and easy to identify, its use should be avoided as the cathode

contribution cannot be neglected in this region. In all three cells a broad peak appears beyond peak

II of graphite, which is attributed to V Rcat . This peak has been used for the determination of the

cathode’s activation energy (Table 7.15).
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Figure 7.66: Voltage ratios V Rcell of cells 4 (a), 3 (b), and 2 (c) versus cell capacity at different
temperatures. The insets show the Arrhenius plots of V Rcell at selected points

Table 7.15 shows the values of Eact for cells 2,3 and 4. The activation energies of graphite, calculated

on peak III and on peak IIL (and on peak IV in the case of cell 4), are between 15 and 21 kJ mol−1.

The values are similar to the ones calculated on peak IIL of graphite from cell 4 in the half-cell

configuration, but differ substantially from the ones calculated on peak III. The values calculated

on peak II are significantly underestimated, as here the cathode contribution can not be neglected.

Consequently, the determination of the activation energy for graphite in full cells is reliable only at

very low states of charge, where V Rcell w V Ran (zone IV). The activation energies for the cathode

materials NCO, NCA, and NCM are 21, 25, and 29 kJ mol−1, respectively. The value obtained

for NCO is slightly underestimated with respect to the one obtained in the half cell. This might

be due to non-negligible contribution of the anode in this region (see Figure 7.63). In the case of

NCA, as the diffusion coefficients in commercial and three-electrode configuration cells are in good

agreement (see Table 7.14), a reliable estimation of the activation energy is also expected. The only

other estimation of activation energy for the diffusion in NCA is from Amin et al. [159], which

calculated activation energies higher than 100 kJ mol−1 by fitting data from impedance spectra of

Li/PEO/NCA cells. For NCM, activation energies between 16 and 20 kJ mol−1 were obtained from

GITT data [165], whereas the ab-initio calculation from the same authors reports values close to 50

kJ mol−1 [166]. The activation energies for the cathode materials under study appear to be close to

each other, between 20 and 30 kJ mol−1. These results could be expected as diffusion in the active

materials is mainly influenced by the crystal structure and they are all layered oxides. It is difficult

to draw conclusions regarding the reliability of the approximation method, as there are just a few

studies considering the temperature effect on the lithium diffusivity in active materials. However,

the resulting range between 20 and 30 kJ mol−1, is in good agreement with the majority of the

experimental results on layered oxides [164, 165].

138
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In conclusion, the results show that it is possible to evaluate the diffusion coefficient of the individ-

ual electrodes from GITT experiments performed on commercial cells, although in limited ranges of

SOC. In particular, the high slope of the potential profile of graphite at low lithiation degrees (lithia-

tion stage IV of graphite) determines the cell GITT response at low SOC, whereas at high SOCs (after

stage II of graphite), the anode contribution is negligible. This allows an estimation of the diffusion

coefficients of anode and cathode directly from the full cell GITT response. The proposed approx-

imation is applicable to commercial cells with different chemistries as the determining factor is the

behaviour of graphite. This approximation also allowed the determination of the activation energy

of the diffusion coefficients for individual electrodes. As the diffusion length does not change with

temperature, the estimation of activation energy is possible even without knowing the particle size

of the active material. The biggest disadvantage of this approximation resides on the fact that both

diffusion coefficients and activation energies of the individual electrodes are determined only at low

lithiation degrees. Nevertheless, the simplicity of the proposed approximation allows its application

as a routine analytical tool for commercial lithium-ion batteries. Diffusivity values and activation

energies are important parameters for studying cell ageing and as input parameters in simulations,

especially for studies concerning the cell behaviour at low temperature, where diffusion in the solid

is one of the main limitations.
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Within this work, the study of the lithium deposition process on graphite electrodes during charging

of Li-ion batteries at low temperature was pursuit. The study includes an experimental and simulation

approach to better understand the processes affecting battery lifetime and safety. The cells under study

were commercial lithium ion batteries with capacities between two and three Ah, including cells with

pouch and 18650 formats with energy densities ranging from 148-214 Wh kg−1. All the cells could

be charged at 273 K, according to the manufacturer.

Experimental investigations by means of Raman and optical microscopy on graphite electrodes from

commercial cells were performed. These in-operando techniques allow evaluating the deposition and

stripping processes as well as the intercalation in graphite. In-operando Raman spectroscopy was

used to study the SEI formation on lithium and graphite, and in particular to detect lithium plating.

The Li2C2 band at 1850 cm−1 was detected on the lithium and on the graphite surface measurements

only when the electrode reached -5mV vs. Li/Li+. The appearance of this band on graphite coincides

with the disappearance of the G and D bands associated to graphite. This confirms the hypothesis

that this band is associated to the deposition of metallic lithium on the graphite electrode. Therefore,

it can be concluded that the µ-Raman microscopy is a reliable technique to study the deposition and

stripping of lithium in the micro-scale. Moreover, Raman spectroscopy allows to detect the lithium

plating onset (appearance of the band at 1850 cm−1 ) and at the same time provides information on

the graphite intercalation stages, through the variation of the bands associated to the graphene layers,

the G and D-modes. In-operando optical microscopy during overcharge tests on graphite electrodes

showed that the electrode regions facing the separator are more prone to metallic lithium deposition.

The formation of dendrites on the copper current collector was also observed. Lithium stripping

and intercalation on graphite or direct chemical intercalation of lithium was locally observed during

the constant-voltage charge phase at -5mV. In the post-mortem analysis, after a resting time of 24

hours at room temperature, no traces of metallic lithium were detected thus suggesting the complete

re-intercalation of the plated lithium.

Electrical characterization on laboratory cells in three-electrode configuration was also performed, to

study the plating onset under different charge conditions. The plateau during discharge associated to

the stripping reaction Li→ Li++ e− was used to evaluate the lithium plating onset. The width of

this plateau corresponds to the amount of reversible plated lithium, assuming that this reaction pre-
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cedes the de-intercalation from the negative electrode. As previous studies show, the decrease of the

stripping plateau with the cycles corresponds to the increase of the capacity loss. The plated lithium

either reacts with the electrolyte, or it becomes electrically isolated. The effect of including a resting

period after charge on the cyclability was also evaluated with laboratory cells. At 263 K, the plateau

on discharge, with width of 0.2 Ah, was not present when a resting period of 5 hours was applied.

Still fast capacity loss (33% after 30 cycles) was observed, which suggests that the SEI growth on the

deposited lithium is faster than the direct intercalation and re-intercalation reactions at low tempera-

tures. In this study a correlation was found between the energy density of the cells and the amount of

deposited metallic lithium. A relation could be also established between capacity fade and the charge

temperature, as was already reported in a recent study [49]. Therefore, the plating behaviour of the

commercial cells can be easily studied at temperatures lower than the recommended by the manu-

facturers (accelerated ageing). In addition to this, at these critical conditions, the evaluation of the

potential plateau can be used to compare the amount of deposited lithium. Even at more favourable

conditions, the width of the plateau at 263 K is still related to the capacity fade. At 273K, the poten-

tial plateau on discharge was not detected, although considerable capacity fade was measured. This

might be due to inhomogeneous lithium deposition, as the measured potential is an average of the

local electrode potentials. Therefore, the stripping plateau cannot be used as a unique method to de-

termine the lithium plating onset. For this reason, post-mortem analysis with SEM and ICP-OES were

performed to detect the Li plating onset. Inhomogeneous deposition of metallic lithium was found in

the cell with the highest energy density (18650 format) even when it was charged with C/10 at 273

K. On the contrary, the electrochemical study in three-electrode laboratory cells shows that the anode

potential remains higher than the lithium reduction potential when charging at this C-Rate at 273 K.

Therefore, the inhomogeneous lithium deposition is attributed to the cell format of the commercial

cell. A variation in the deposition pattern was also observed by increasing the C-rate at 273 K. At

C/10 the plating occurs preferentially in the middle of the cells, while at higher C-rates the lithium

deposition starts on the periferical areas (top and bottom of the jelly roll). The internal cell heating

at higher C-rates, affecting the cell core, might be the reason for this behaviour, whereas charging at

C/10, the internal heating is negligible and the inhomogeneous pressure of the jelly roll might lead

to the negative anode potentials at the cell center. An adhesive tape at the top and bottom part holds

the jelly roll. Its width corresponds to the width of the non-plated zone. Pressure due to the tabs was

found in different studies as the main factor favouring lithium plating [55]. On the contrary, the cell

with the lowest energy density (pouch format) presents very low capacity loss after charging with 1C

at 263 K. The lack of lithium plating was also confirmed by SEM microscopy and ICP-OES studies.

In order to better understand the susceptibility to lithium plating of the commercial cells, geometrical,

kinetic and transport parameters were experimentally determined for the cells with the highest and
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the lowest energy density. As could be expected, the cell with the highest energy density has thicker

electrodes, lower porosity and higher active volume fractions. In addition, the anode utilization is

significantly higher x f inal = 0.95 to 0.75. All these characteristics lead to higher overpotentials on the

negative electrode and favor the plating onset. The low anode utilization of the pouch cell seems to

be the main reason preventing lithium plating even at very critical conditions. Diffusion coefficients

of the active materials were obtained by intermittent titration techniques, GITT and PITT at different

states of charge and temperatures. Similar values are obtained for the diffusion coefficient of both

cells, but higher activation energies on the cathode of the pouch cell were measured. The slower

ionic transport at the cathode at low temperatures contributes to avoid lithium plating as it decreases

concentration polarization at the anode electrode. In the case of the cylindrical cell, the rate constant

at the anode is higher than the one at the cathode. This contributes to prevent lithium plating, since

the charge transfer overpotentials at the anode are lower than at the cathode. Internal cell heating can

be used to reduce lithium plating, as overpotentials are lower at higher temperatures. Indeed, during

charge, the high energy cylindrical cell reaches higher temperatures than the low energy cell, due to

the higher exothermic reversible heat and the higher overpotentials. Nonetheless, this is not sufficient

to avoid the plating. In conclusion, the high anode utilization and the electrode geometry seem to be

the main factors prompting lithium plating in the cylindrical cell.

The kinetic parameters, obtained experimentally as functions of temperature and state-of-charge, were

used as input to a 3D electrochemical-thermal model simulating the charging behaviour of commer-

cial cells. This model used the BEST Software developed by Fraunhofer ITWM [100]. The pouch

cell from Kokam was chosen for the modelling study, as no inhomogeneities were found on the

post-mortem analysis. Indeed, the effect resulting from the inhomogeneous pressure observed in the

cylindrical cell from Panasonic cannot be represented by the model. Simulations were carried out

with two different geometries, the full scale model which utilizes 56 layers with a finer mesh and the

single-layer model, which is computationally faster than the full-scale model used previously, as it

considers the equivalent area in a one layer-electrode. The objective of the modelling was to evaluate

the plating conditions during charging at low temperature. As different parameter combinations lead

to the same cell potential profile, the model was validated by recording the potential profiles of the

individual electrodes. For this purpose, metallic lithium reference electrode was introduced in the

pouch cell. The applied electrochemical-thermal model can predict adequately the charge potential

and the cell temperature at different charge rates and temperatures. Although the IR drop at SOC=0%

is underestimated by the model, due to the high charge transfer resistance at this SOC, this discrep-

ancy does not affect the anode potential at the end of charge, where lithium plating occurs. The spatial

variation of the temperature and potential within the cell is very low which explains the lack of inho-

mogeneous lithium deposition in the cell. When charging the cell with 4C CCCV (maximum current
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accepted by the cell), the minimum potential achieved within the cell is -12 mV for a short period

of the CV step), which might not be enough to start the lithium deposition, as the anode potential

increases after the CV step is reached.

Finally, the single-layer model was used to evaluate the sensitivity of the model towards each pa-

rameter and to determine the cell design that can help avoiding lithium plating when charging at low

temperatures. Due to the low potential gradients observed within the cell, the discrepancies between

the two models are relative low. Firstly, a sensitivity analysis of the model parameters was carried

out. The results of this analysis emphasize the important of the lithium diffusion coefficients. A re-

duction of one third of the diffusion length L (L = R/3 instead of L = R) leads to a strong reduction

of the calculated diffusion coefficient and, consequently, to a reduction of the 40 % of the predicted

charge capacity. If a constant diffusion coefficient over the whole SOC is considered (as in most

simulation studies), the diffusion overpotential are underestimated by the model and the predicted

individual electrode potentials are close to the OCP profiles. Therefore, the use of SOC-dependent

diffusion coefficients, as determined by PITT, results in a better prediction. The particle radius has

also a strong influence on the lithium concentration gradient and therefore on the cell potential. As

proposed in some experimental studies, choosing a small anode particle size can be a solution for

batteries used in applications where fast charging is needed. Finally, the effect of each geometrical

parameter was evaluated, by feeding the model with the electrode geometry of the Panasonic cell but

keeping all transport parameters from the Kokam cell. One model parameter at a time was modified.

The reduced electrode porosity does not affect the model predictions. However, the high active ma-

terial volume fraction and the high C\A ratio of the Panasonic cell appear to affect detrimentally the

charging behavior. In particular, the decrease of the anode potential is more rapid than the increase

of the cathode potential, which leads to plating conditions before the end of charge already at 1C

and 273 K. The increased electrodes thickness of the Panasonic (+56% anode, +41% cathode) lead to

higher potential gradient through the electrode, but plating conditions are not achieved. When all the

geometrical parameters of the Panasonic are employed (thickness, porosity, active material volume

fractions), negative values of -22 mV vs. Li/Li+ are reached already during the CC charge phase at

1C and 273 K. It can be concluded that the different electrode geometrical design is the main reason

why lithium deposition is favoured in the Panasonic, whereas it is not observed in the Kokam.

As the numerical simulations suggest, the electrode design of the pouch cell prevents lithium deposi-

tion. Therefore, fast charging protocols for low temperature conditions were tested, with the objective

of reducing the charge time and maximizing the charge capacity. By applying the commonly used

CCCV protocols, with 3C at 273 K, the cell was charged up to 70 % of the nominal capacity in

33 min, with less than 1 % capacity fade after 200 cycles. The maximum C-rate that could be em-

ployed without reaching the cut-off voltage within seconds was close to 4C. Other protocols like
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pulse, multi-stage or boost charging were also tested. The use of a lower C-rate at 0% SOC results

in a lower IR-drop and delivers some benefits on the charge capacity. However, the charging time

is obviously increased. The use of one or two 4-5C pulses shows some an increase on the charge

capacities over the equivalent CCCV test, as higher internal temperatures are reached. However, the

improvement depends on the cell resistance, as the pulse duration and therefore the temperature vary

between cells. In conclusion, charging the cells at high C-rate can have a positive effect on the charge

capacity at low temperatures, if the plating conditions are not achieved (Uanode<0 or cs>cs,max) before

the start of the CV step. Electrochemical-thermal models proved to be a good tool for evaluating the

plating conditions at low temperatures and high C-rates. Still, accurate determination process of the

most sensitive parameters, like the geometry, diffusion coefficients and the reaction rate constants is

necessary. The stoichiometry dependence of the diffusion coefficient is material dependent, but reli-

able values can be obtained by using the function D=f(SOC) developed within this work. The reaction

rate constants should be determined for the individual cells, as the electrolyte employed has a strong

influence on this parameter. In an attempt to reduce the complexity of the parametrization process,

a new method was proposed to estimate all the geometry parameters using image processing of the

SEM images from the electrode´s cross section. Results are in good agreement with the values ob-

tained by other methods. A new approximation to obtain the diffusion coefficient directly from GITT

measurements on commercial cells was proposed. The results show that it is possible to evaluate the

diffusion coefficients of the individual electrodes from GITT experiments performed on commercial

cells, although in limited ranges of SOC. As the determining factor is the behaviour of graphite, the

proposed approximation is applicable to commercial cells with different chemistries, although it may

be more difficult with cathode materials which show a flat voltage profile, like LiFePO4.

As a conclusion, the experimentally parametrized model can predict well the plating onset conditions

in lithium ion cells at different C-rates and temperatures. If these conditions are not achieved within

the cell, charging at high C-rates can have a positive effect on the charge capacity at low temperatures

without a detriment on the lifetime.
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9 Appendix

9 Appendix

 

 

a) 

d) 

c) 

b) 

Figure 9.1: Inside part of the graphite electrode of cell 3 after 50 cycles charging at CCCV discharge
CC at 273K with a C-Rate of a) C/10 b) C/3 c) C/2 d) 1C148



 

 

a) 

d) 

c) 

b) 

Figure 9.2: Outside part of the graphite electrode of cell 3 after 50 cycles charging at CCCV discharge
CC at 273K with a C-Rate of a) C/10 b) C/3 c) C/2 d) 1C
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9 Appendix

Figure 9.3: SEM image of the cross section from a) cathode electrode of cell 3 b) anode electrode of
cell 4
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10 Abreviations

Abbreviations

BC Boost charging

BET Brunauer, Emmett and Teller

CCCV Constant current constant voltage

CCPC Constant current pulse charging

DEC Diethyl carbonate

DMC Dimethyl carbonate

EMC Ethyl Methyl carbonate

EC Ethylene carbonate

GIC Graphite intercalation compounds

HOMO Highest unoccupied molecular orbital

ICP-OES Inductive Coupled Plasma - Optical Emission Spectroscopy

LUPO Lowest unoccupied molecular orbital

OCP Open circuit potential

PC Pulse charging

SOC State of Charge

SOH State of Health

LMO Lithium manganese oxide

XRD X-Ray Diffraction

SEI Solid Electrolyte Interface

VC Vinyl Carbonate

FEC Fluoro Ethylene Carbonate

LiBOB Lithium bis (oxolato) borate

CC Constant Current

CV Constant Voltage

CF Charge Factor

MSCC Multi-stage constant current

NMC Nickel Cobalt Manganese Oxide

NMR Nuclear Magnetic Resonance
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10 Abreviations

Abreviations

LFP Lithium Iron Phosphate

LCO Lithium Cobalt Oxide

NCA Nickel Cobalt Aluminium Oxide

SEI Solid Electrolyte Interface

SHE Standard hydrogen electrode

VCD Varying current decay

VR Voltage ratio
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11 Symbols

Symbols

ai chemical activity -

a surface area to volume ratio m−1

A interfacial surface area m2

~B magnetic induction tesla (T)

c concentration mol cm−3

cp specific heat J K−1

D diffusion coefficient cm s−2

~D electric displacement C m−2

e energy density J m−3

Eact KJ mol−1

f activity coefficient -

G Free energy of Gibbs J

~H magnetic field A m−1

I current A

j current density A m−2

k reaction rate constant A cm2.5 mol−1.5

kT Soret-Dufour coefficient -

n number of moles -

N ionic flux mol cm−3

m mass kg

M molar mass mol g−1

~q heat flux W m−2

r radius m

Rct charge transfer resistance Ω

t+ the transference number

s Entropy J
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11 Symbols

Symbols

T Temperature K

u Mobility cm2 mol J−1 s−1

U Potential V

V volume m3

z charge number of the species -

Constants

e Elementary charge 1.60210−19

kB Boltzmann constant

F Faraday constant 96485 As mol−1

NA Avogadro constant

R Universal gas constant 8.314 J mol−1 K−1

Greek Letters

η overpotential V

ε porosity %

εi volume fraction of electrolyte or active materials i=s,e %

κ ionic conductivity S m−1

kT Soret-Dufour coefficient

µ chemical potential V

φ electric potential V

Φ electrostatic potential V

λ equivalent ionic conductance Ω

λii = s,e. heat conductivity W K−1m−1

νi stoichiometric factor of the compounds participatins in the cell reaction

α charge transfer coefficient

σ electronic conductivity S m−1

τ tortuosity

ρ density kg m3
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