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Abstract

The aim of this thesis was to investigate the thermoelectric properties and local
reversible heat effects of cells relevant to lithium-ion batteries. The theory of non-
equilibrium thermodynamics and experimental measurements of the thermoelectric
power of these cells were used to study the system. The Seebeck coefficients, Peltier
heats and transported entropies of Li* in the cells have been estimated. The three
different thermoelectric cells studied consisted of lithium cobalt oxide (LiCoOs),
graphite (Cg) and lithium iron phosphate (LiFePQOy) electrodes and separators wet-
ted with the same ternary electrolyte with lithium hexafluorophosphate (LiPFg),

ethylene carbonate and diethyl carbonate.

The time-evolution of the thermoelectric potential measured indicated that two
thermal diffusion phenomena of different time scales were present during the mea-
surements for the LiCoOs and LiFePOy4 cells. These Soret effects in the electrolyte
were found to contribute significantly to the electric potential. For LiCoOs, the
Peltier heat at the electrode was estimated to be 84 + 9 kJ/mol initially, -45 +
6 kJ/mol at an intermediate state and 51 + 6 kJ/mol at stationary state. For
LiFePOy, the Peltier heat at the electrode was estimated to be 35 + 9 kJ/mol
initially, 26 + 6 kJ/mol at an intermediate state and 127 + 12 kJ/mol at stationary
state. These values indicate large and time-dependent local reversible heat effects
in Li-ion batteries during charging and discharging. These local heat effects are
currently not included in thermal description of lithium-ion battery cells given in
the literature.

The transported entropy of Li* in the LiCoOs cell was found to be 200 + 20
J/K mol, while in the LiFePOy cell it was estimated to 460 + 60 J/K mol. The
discrepancy in S£i+ could indicate that the transported entropy depends on the
electrode material in the thermoelectric cell.

No consistent behaviour was observed for the Cg cells, probably due to irreversible
changes inside the cells during the measurements. The large changes and uncer-
tainties in the Seebeck coefficient and bias potential over time can indicate that

structural changes occurred in the cell during and between the measurement.






Sammendrag

Malet med dette masterprosjektet var & undersgke de termoelektriske egen-
skapene og lokale reversible varmeeffekter i celler relevante til litium-ione batterier.
Irreversibel termodynamikk og eksperimentelle malinger av den termoelectriske ef-
fekten av disse cellene ble brukt for a studere systemet. Seebeck koeffisientene,
Peltier varmene og de transporterte entropiene av Li* i cellene har blitt estimert.
De tre forskjellige termoelektriske cellene bestod av litium koboltoksid (LiCoOs),
grafitt (Cg) og litium jernfosfat (LiFePQOy4) elektroder og separatorer fuktet med
den samme ternaere elektrolytten med litiumheksafluorofosfat (LiPFg), etylenkar-

bonat og dietylkarbonat.

Tidsutviklingen av den termoelektriske potensialet malt indikerte at to termiske
diffusjonsfenomen med forskjellig tidsskala var tilstede under malingene for LiCoO2
og LiFePOy cellene. Soret effektene i elektrolytten bidrog signifikant til det elek-
triske potensialet. For LiCoOs ble Peltier varmen ved elektroden estimert til 84
+ 9 kJ/mol ved initiell tilstand, -45 + 6 kJ/mol ved intermediat tilstand og 51 +
6 ved stasjoneer tilstand. For LiFePOy4 ble Peltier varmen ved electroden estimert
til 35 + 9 kJ/mol ved initiell tilstand, 26 + 6 kJ/mol ved intermediat tilstand og
127 + 12 ved stasjonaer tilstand. Disse verdiene indikerer store og tidsavhengige
lokale reversible varmeeffekter i Li-ione batterier under ladning og utladning. Disse
lokale varmeeffektene er pa det naveerende tidspunktet ikke inkludert i beskrivelser

av temperaturen av litium-ione batterier gitt i litteraturen.

Den transporterte entropien av Li* ble estimert til 200 = 20 for LiCoOs, mens
for LiFePOy ble den estimert til 460 + 60 J/K mol. Forskjellen i verdiene for SI’:i+
kan indikere at den transporterte entropien er avhengig av elektrodematerialet i
den termoelektriske cellen.

Ingen konsistent oppfersel ble observert for Cg cellene, antakelig pd grunn av ir-
reversible endringer i cellene under malingene. Store endringer og usikkerheter
i Seebeck koeffisienten og bias potensialet over tid kan indikerere at strukturelle

endringer foregikk inne i cellen under og mellom malingene.
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Chapter 1

Introduction

1.1 Project Background

The work in this master thesis was done in collaboration with Frank Richter and
was funded through the Research Council of Norway (RCN) project no. 228739,
through the project "Life and Safety for Li-ion batteries in Maritime conditions
(SafeLiLife)”. The purpose of the thesis was to contribute to the work for Richter’s
doctoral thesis. The pouch cells investigated were assembled by Richter. The
results from the LiCoOy measurements have been reported by Richter et al. during
the course of this master’s thesis [1], but with different assumptions for the flux

equations used in the theory.

1.2 Motivation

Since the first lithium ion battery was assembled in 1985, it has revolutionized
wireless electronics and energy storage technology [2]. A lithium ion battery cell is
composed of a positive electrode and negative electrode, electrolyte, separator and
current collectors contained in a cell housing [3]. The purpose of the separator is

to keep the two electrodes apart to avoid internal short circuiting.

Thermoelectric or thermogalvanic cells are galvanic cells with a non-uniform tem-
perature [4]. Such cells can also be used for energy harvesting. The Seebeck
coefficients of aqueous thermoelectric cells, defined as the potential of an electro-
chemical cell per degree temperature difference at stationary state, are typically
in the range 1 mV /K [5]. In comparison, thermoelectric semiconductors typically
have Seebeck coefficients up to a few hundred nV [5]. Thermogalvanic cells with
organic electrolytes have been shown to have high Seebeck coeflicients, and Bonetti
et al. reported Seebeck coefficients in the range 2.8-7 mV /K for thermogalvanic
cells with organic nitrate and bromide salts [6]. These values are amongst the
highest reported.

Heat effects inside the battery are important in battery technology as ageing of
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lithium battery cells is temperature dependent [7]. In addition there is the pos-
sibility that the electrolyte salt may precipitate at low temperatures and thus
damage the battery [8]. An accurate description of the thermal profile of the cell
is therefore needed and information about local heat sources is important. During
charging and discharging both irreversible and reversible heat effects occur inside
the battery. The irreversible heat effects include contributions from the overpo-
tential and the ohmic resistance, and increases the temperature of the battery [9].
The reversible heat effects are a result of the entropy change due to the electrode
reactions. The reversible heat effect will be of opposite sign, but the same mag-
nitude during charging and discharging [9, 10]. Though Viswanathan et al. have
studied the entropy change in battery cells by calculating the entropy change of
one electrode through the use of lithium metal as a counter electrode [9], little has
been done in terms of the single electrode thermal signature and local reversible
heat production through these cells. If total entropy change within a lithium-ion
battery cell during discharging or charging is positive, this gives internal heating
inside the cell. If it is negative it gives an internal cooling inside the cell.

Transport in a system indicates non-equilibrium conditions, and can be studied
using non-equilibrium thermodynamics. Non-equilibrium thermodynamics is also
a suitable theory to use when studying interfaces [11]. Thermoelectric cells are
cells to which a temperature gradient is applied and a potential is generated as a
response [12]. The thermal force induces transport inside the cell. In thermoelec-
tric cells it is important to know the thermal and potential profile throughout the
cell, including the interfaces, to give an accurate description of the system. The
interfaces of the system will typically be the surfaces of the electrodes. In this the-
sis, the reversible heat effects in thermoelectric cells with Li-ion battery electrolyte
and electrodes will be studied by the use of non-equilibrium thermodynamics. The

same theory has been used to study the thermal profile in fuel cells [11, 13, 14].

The temperature and potential profile of Li-ion thermoelectric cells will be de-
rived to explore the possibility of using these cell materials as thermoelectric cells
and the importance of reversible heat effects in Li-ion batteries. A temperature
gradient will be applied to the cells, inducing transport in the system. Temperature
gradients can also give rise to thermal diffusion (the Soret effect [15]) and a ther-
moelectric potential (the Seebeck effect [13]). Non-equilibrium thermodynamics or
irreversible thermodynamics will therefore be suitable to apply when treating the

transport processes in the systems in this thesis.
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Figure 1.1: An illustration of the thermoelectric effect in an electrochemical cell.

The Seebeck coefficient of the cells will be derived from the potential and tem-
perature profiles of the system and obtained from potential measurements on the
thermoelectric cells. The initial thermoelectric potential of Liy TiSo symmetric cells
has been reported by Kuzminskii et al. and Hudak et al. for various electrolytes
[5, 16]. Hudak and Amatucci also reported the initial thermoelectric potential of
LixV20s5. In these studies, no stationary state was reached. Only an initial value
that was reported, not the stationary state Seebeck coefficient. The application of
thermoelectric cells will typically be at steady state conditions. A system exposed
to a temperature gradient will eventually reach a stationary state or Soret equilib-
rium. This was not been investigated due to a large drift in bias potential observed
by Hudak et al. [16]. A similar experiment was performed by Black et al. using
lithium electrodes for assembled batteries with two different electrodes with a 1M
LiClO4 and 1:1 EC/DEC electrolyte [17]. A Seebeck coefficient was also reported by
Kobayashi et al. for LiCoOs, Nag.99CoO2, Nag 52MnOs and Nag .51 Mng 5Feqg.502
thermoelectric cells [18]. However, no mention of thermoelectric effects in the elec-
trolyte was made and no evidence of a stationary state was given. From the Seebeck
coefficient, the transported entropy of the reversible ion in the solution and Peltier
heat can be found [11, 19]. From the difference between the initial thermoelectric
potential and the thermoelectric potential at Soret equilibrium, information of the

Soret effect may be obtained.
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1.3 Structure of the Electrolyte Solution

Ethylene carbonate (EC) has a higher dipole moment than diethyl carbonate
(DEC). Li* and PFy are charged ions and EC will bind more strongly to them
than DEC. EC molecules will therefore surround the Li* ions and hence a solva-
tion layer of ethylene carbonate around the ions will form in the solution. Jeong
et al. found that on average 3.1 EC and 1.1 DEC molecules surround Li* in an
electrolyte with 50:50 volume percent of EC and DEC and 1M LiClOy4 [20]. This
solvation layer will give some local order to the composition of the solution. The
structure of the electrolyte solution at different EC/DEC compositions has been
studied by Andreas Bursvik during the project work prior to his master’s thesis
[21]. The composition will affect the system through properties such as mobility
of lithium ions in the system, the conductivity and the viscosity of the electrolyte
[22]. This local ordering is often ignored in literature to simplify the transport
equations when treating Li-battery systems. However, it can be of great impor-
tance to understand the processes happening if diffusion would occur as a response

to the thermal driving force.

Since both EC and DEC are big, bulky molecules, they are likely to diffuse slowly.
This can be seen from the Einstein-Smoluchowski equation for the diffusion coeffi-
cient [23]:

D=2~ (1.1)

where kg is the Boltzmann constant, T is the temperature and ¢ is the friction
coefficient. The friction coefficient is dependent on the shape of the particle, in
particular the dimensions of the particle, such as the radius if the particle is spher-
ical or shaped like a disc. For a big, bulky molecule, & will be a large number,
so the diffusion coefficient will also be small and the molecule will diffuse slowly.
How fast the ions diffuse will depend on the electrolyte structure. If the ions bind
strongly to the solvent molecules, they will effectively have a larger diameter and
the diffusion process will be slow. This will likely also be the case with thermal dif-
fusion. In thermal diffusion it is usually the lighter component that diffuse towards
the hot side of the cell and the heavier component to the cold side. The lighter
components of the electrolyte is Li* and EC, while DEC and PF{; are the heaviest
components. The solvation layer and charge-charge interactions complicates this
and simulations of the electrolyte is therefore needed to confirm the sign of the
concentration gradients that may build up within the electrolyte when the system

is exposed to a temperature gradient.
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1.4 The Transported Entropy of Lithium-Ions

The transported entropy of charge carriers in the system will largely determine the
conversion between thermal and electric energy [13]. It is a property related to the
heat transport in the cell and electric energy conversion [24, 25]. The expressions
for the Seebeck coefficient and the Peltier heat will contain both thermodynamic
and transported entropies. The convention is that transported entropies are posi-
tive when heat is transported in the direction of the positive electric current [13].
As Li* is the charge carriers of the system it follows that the transported entropy

of Li* must be positive if heat is transported along with the ions.

In literature, the transported entropy of ions, in particular small cations, have
been related to the hydration shells surrounding the ion in aqueous solution [26].
Thus the values of transported entropies reported are typically for salts in aque-
ous solution. Values in molten salts have also been reported [24]. The electrolyte
structure will therefore be important to understand the transported entropy in Li-
ion cells. These electrolytes are, as already described, not aqueous solutions and
the solvation is thus not comparable. The high Seebeck effects reported for non-
aqueous solutions by Bonetti et al. [6] and high initial thermal potential reported
by Kuzminskii et al. [5] can suggest (several orders of magnitude) higher values
for transported entropy of ions in non-aqueous electrolytes. The highest reported
Seebeck coefficient (7.16 mV/K) by Bonetti et al. will, according to the theory
used in the article, give an Eastman entropy for tetrabutylammonium of 1380 J/K
mol! The Eastman entropy is the difference between the transported and thermo-
dynamic entropy of an ion [25]. By comparison the same ion in water will, using
the same theory and a reported Seebeck coefficient of 371 nV/K, have an Eastman
entropy of around 70 J/K mol [6].

Though literature frequently reports the transported entropy of an ion in different
electrolytes and electrolyte concentrations, nothing has been reported on thermo-
electric cells with the same electrolyte, but different electrodes. The transported
entropy of the ion involved in the electrode reaction has been found to be constant
over different electrolytes and it is believed to be a property associated with the
electrode surface [13]. At the electrode surface the charge carrier changes from the
one inside the electrode to the ion in the electrolyte, and it is expected that this
transition will be important for the value of the transported entropy. Since the heat
production and heat consumption locally in a cell is determined by the electrode

surface, it can be reasonable to expect a large dependence on the electrode surface.
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1.5 Problem Definition

The aim of this thesis is to investigate the local reversible heat effects around elec-
trodes used in lithium-ion batteries and the possibility to use these materials as
thermoelectric cells. This will be done by measuring the thermoelectric potential
of three different thermoelectric cells with lithium cobalt oxide (LiCoQO2), graphite
(Cg) or lithium iron phosphate (LiFePOy) electrodes and separators wetted with
the same ternary electrolyte with lithium hexafluorophosphate (LiPFg), ethylene
carbonate and diethyl carbonate. The systems will be analyzed using the theory of
non-equilibrium thermodynamics. The aim of these measurements is to investigate
the thermoelectric properties of the cells by calculating the Seebeck coefficient, the
Peltier heat associated with the electrodes and the transported entropy of lithium
ions in the individual cells. The contribution from the Soret effect of these cells
will be studied by continuing the experiment until a steady state is reached. The
results reported on the thermoelectric potential of Li, TiSs cells by Hudak et al.
and Kuzminskii et al. and Li cells by Black et al. will also be analyzed using the

same theory.

Though the transported entropy of ions is related to the Peltier heat and heat
of transfer of a cell, both of which are clearly associated with the interface of an
electrode, no reports on this surface dependence exist in literature. Traditionally,
transported entropies of ions are measured by using the same electrodes and vary-
ing the electrolyte. In this project, the same electrolyte will be used with different
electrodes. Another aim of this thesis will therefore be to contribute to a better

understanding on the concept of the transported entropy of ions.

1.6 Outline of the Thesis

The thesis is divided into four main parts. A description of the system to be
investigated is given in Chapter 2. This is followed by the derivation of the thermal
and potential profiles, and the Seebeck coefficient and Peltier heat in Chapter 3.
Experimental and equipment descriptions are given in Chapter 4. The results are
then given and their meaning and importance are discussed in Chapter 5.



Chapter 2

Description of the System

The thermoelectric potential of thermoelectric Li-ion cells will be described using
non-equilibrium thermodynamics. A general description of the lithium battery
cells and electrodes is given, in addition to a description of the thermoelectric cells

investigated in this thesis.

2.1 Description of the Thermoelectric Cells

A thermoelectric cell is a non-isothermal cell [25], typically containing two elec-
trodes of the same material. At equilibrium conditions, the ideal thermoelectric
cell will have no potential. In practice, because the two electrodes will never be
identical, a small bias potential is observed. When acted upon by a driving force,
such as a temperature gradient, the cell would no longer be at equilibrium. The
temperature gradient between the two electrodes will then serve as a driving force
for the transport in the system and a gradient in the electrochemical potential of
the cell will be a result of this [12]. A gradient in the electrochemical potential
is proportional to the electric field over a cell [27]. If thermal diffusion is present,
particles will then start to move from the side with the highest electrochemical
potential to reequalise the electrochemical potentials of the system. The fluxes
induced in this system can be used relate the driving forces in this system, which
will consist of a thermal gradient, a potential gradient and a gradient in chemical

potential, using non-equilibrium thermodynamics.

The system can be divided into five parts; three bulk phases and two interfaces,
as shown in figure 2.1. The bulk phases consists of the anode, cathode and elec-
trolyte, while the interfaces will be the electrode surfaces. To find the temperature
and potential profiles of the system, the measurable heat, mass and current fluxes

of the system must be determined.

The thickness of the interfaces between the electrodes and the electrolyte, §, will
be assumed to be 0. This is not true, as such interfaces will give a double layer

of ions of non-zero dimension. These layers are typically in the order of 1-10 nm

7
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[28], decreasing in thickness with increasing concentration. The thickness of the

electrolyte is, however, in the order of a few mm. Hence it is a reasonable approx-

imation given the dimensions of the cell.
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Figure 2.1: Measurable heat fluxes and temperatures at steady state in the five
parts of the cell.

The cell reaction will only be treated at the interface between the electrode and
the electrolyte and not in the electrode bulk phase. This can be done because
the lithium at the bulk of the electrode and the surface must have equal chemical
potential in order for the electrode to be in equilibrium with its interface [23]. The
electrode will be assumed to be thermostatted, and thus the bulk phase and its
interface should be at equilibrium with each other. Initially, mass fluxes of the
components of the electrolyte will be present. At steady state, only the flux of Li*
present in the electrolyte as it is the charge carrier for the current flux.

2.2 Description of Li-ion Cells

The Li-ion thermoelectric cells which will be studied in this thesis are composed
of a separator wetted with an electrolyte consisting of LiPFg, ethylene carbonate
(EC) and diethyl carbonate (DEC) sandwiched between two identical electrodes
connected to current collectors. The current collectors are metallic conductors on
the back of the electrodes which are connected to the outer circuit. It will therefore
be treated as a part of the outer circuit. Lithium cobalt oxide, graphite and lithium

iron phosphate electrodes will be investigated in this thesis.
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In the literature the convention is to describe the electrodes as Li,CoOs, LiyFePOy
and LixCg, where x indicates the lithiated state of the electrode. x typically has
values between 0 and 1 for the electrodes studied in this thesis. If x=1 in Li,CoOa,
there will be one Li per unit of CoOs. In a Li-ion battery, LiyCoOs and LixFePOy4
electrodes are cathodes while LixCg is used as the anode [2]. LixCoOg, LiyTiSs and
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Graphite Separator

Figure 2.2: Example of assembled Li-ion battery set-up with intercalation elec-
trodes Liy,Cg and Li,CoOs.

LixCg electrodes consist of two-dimensional layers of CoOs, TiSy and Cg units held
together in a three-dimensional structure through Van der Waals forces [29]. Li*
reacts at the electrode and enters the electrode through an intercalation between
the CoOq layers [2]. The same process also happens at the titanium disulfide and
graphite electrode. LiyFePO,4 have a crystal structure of FePO4 units which creates
one dimensional channels into which Li* is inserted [2]. The electrode material is in
the literature referred to as the host lattice [30]. Since Li* is intercalated into the
host and is mostly considered to be in its ionic form inside the host structure, it can
argued that it is more accurate to consider this intercalation as a solvation process
of Li within the electrodes [31]. Henceforth Li in the electrode will be written as

Li(x,s), where s indicates that it is solvated between the layers of the electrode.

Around the graphite electrodes in lithium-ion batteries a solid electrolyte inter-
phase (SEI) is formed and grows as the battery is charged and discharged [32].
The SEI layer is not present when the electrode is in pristine condition. This layer

consists of inorganic and organic decomposition products of the electrolyte, and
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serves as a passivating layer to prevent the electrolyte from further decomposition
and co-intercalation of electrolyte (here EC/DEC) into the electrode [33]. Lithium
ions are able to pass through the SEI layer.

The electrode reaction for LiCoOs, LiFePO4 and LiTiS,; can be written as:
LiM = LixM+(1-x)Li* + (1-x)e™(Al(s))
Where M=Co00Qs, FePO4 or LiTiSs. Electrode reaction for Cg:
LixCg = xLi* 4+ xe™(Cu(s)) + Cg

In the thermoelectric cells one electrode is kept at a higher temperature than
the other. The electrodes are thermostatted, so that the temperature gradient is

present primarily in the electrolyte/separator.
Cu(s) | Li(xCo(s, Th)) | LiPFg, EC (1), DEC (1) | Li(x,C(s, T2)) | Cu(s)
Al(s) | Li(x,C004(s,T1)) | LiPFg, EC (1), DEC (1) | Li(x,C002(s, T2)) | Al(s)

Al(s) | Li(x,FePOy4(s,T1)) | LiPFg, EC (1), DEC (I) | Li(x,FePOy4(s,T2)) | Al(s)



Chapter 3

Theory

The definitions used this thesis follows the definitions given in the book by Kjel-
strup and Bedeaux [13]. This chapter will include a derivation of the temperature,
chemical potential and potential profiles of the system from the flux equations us-
ing non-equilibrium thermodynamics. A derivation of the Seebeck coefficient and

Peltier heat of the system using the potential profile found follows.

3.1 Temperature and Potential Profiles of the Sys-

tem

For heterogeneous systems where surfaces need to be considered, the surface frame
of reference is the natural choice which gives a simple and realistic description of
the surface. It will therefore be used at the start of the derivation. The fluxes in
this system will be treated as normal to the electrode surfaces. The surface frame

of reference is thus equivalent to the laboratory frame of reference in this case.

There are a total of three components in the electrolyte; LiPFg, EC and DEC.
Initially the system will have a uniform concentration of the components over the
separator matrix. However, due to presence the of multiple components, the tem-
perature gradient in the system might induce a gradient in the concentration of the
three components relative to the separator matrix and the electrodes and therefore
a gradient in the chemical potential. At t~ 0 the chemical potential gradients will
not be present. They will build up over time, reaching a steady value at t— oo.
At stationary state, the potential will be the result of a balance between the two

driving forces; the thermal gradient and the induced chemical potential gradient.

d/r) 1d¢ 1dur 1 dpo,

There are five driving forces in the system; =3=, -+, -7—qo > ~7 - and
—%d’f’z’T. LiPFg will be denoted as component 1 and ethylene carbonate and di-

ethyl carbonate component 2 and 3 respectively.

11
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3.1.1 The Electrolyte

The entropy production of the bulk phase of the electrolyte is:
, 0 (1 1 (Opir| .1(0¢
= J _ - - Ji_ . - — a .1
7= gy (T) Z T( oz ) ]T(Gx (3:-1)

Where o is the entropy production, Jg is the heat flux, J; is the mass flux of

component ¢, j is the current density, T is the temperature, w; is the chemical
potential of component 7 and ¢ is the potential. The fluxes, when the electrode

surfaces are used as a frame of reference, are given by the following equations:

d 1 1dm,r 1dusr
b Lo | L2 L (= 2B g, (-2 22
T qq(c’)xT)+ ql( T Oz )+ q2( T oz

3.2
1 dusr 1d¢ (3:2)
M W A P
41 10ur 1 0uar
Lig|—=|+Li|-=22L |+ Ly [-= =22
A lq((')a:T)+ 11( T Oz )+ 12( T 0z ) (3.3)
+L13 —l a'u&T + L1¢ —la—¢
T oz T 0x
0 10u1r 1duar
=Log|—= et L [ PO Pt
2 2q(()9:T)+ 21( T Oz )+ 22( T 0z ) (3.4)
+L23 —l 6,[13’7‘ + L2¢ —la—¢
T oz T 0x
o1 1du,r 1dpar
=Log|—= = L -2 222
’s 2q(()9:T)+ 31( T Oz )+ 32( T 0z ) (3.5)
+L33 —l 6,[13,7‘ + L2 —la—¢
T oz \"Tox
1 1 du,r 1 duar
= — )+ Loy [-= = + Lo [-= 22
/ ¢q(6xT)+ ¢1( T ox )+ ¢2( T ox )
10 10 (3:6)
+Lp3 | —= HsT + L _199
¢ ox " T oz

Since there are five forces, but only four are linearly independent, this system has
linear dependency. The Onsager relation is unimpaired by this linear dependency
which comes from the Gibbs-Duhem equation [12]. This dependency will be dealt
with later in the derivation. The coupling coefficients, L;; are related through
the Onsager relation (L = Lj;) since the system is not influenced by an external
magnetic field [12]. Here the phenomenological coefficient Ly is characteristic
of the heat conductivity of the system. L;, is related to thermal diffusion, the

coupling coefficients between mass fluxes to interdiffusion. The flux equations for
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this system can be rearranged by eliminating the electric potential gradient in the

system from the mass and measurable heat fluxes.

d¢ T , 01 1 duir 1duar 1 dusr

EA N Y Y e Lo — Ly = 2E2

oz L¢¢( I q¢(6IT) (T oz ) (T oz \T oz
(3.7)

A new coefficient, /;;, the conductivity coeflicient, can then be introduced to sim-

plify these equations.

(3.8)

It follows from the Onsager relation that /;; = [;;. The following approximation
will be made: l19 = lo1 = l13 = I31 = la3 = I39 ~ 0. This means that the diffusive
interaction coefficients, i.e. the influence on the diffusion of one component by the
two other components in the electrolyte, are neglected. Jg, Ji, Jo and Js can be

now rewritten to the equations below:

, 01 10p1T 1 0uar 10usr Lyq
() 1) ) 1) 2

oxT T 0 T ox T ox Lyy
J1 =114 (%%) 11 (7{ ag;T) Z:; i (3.10)
s = g (%%) (1 Ouar ) + ZZ (3.11)
J3 =134 (%;) I33 (; agiT) EZZ: ' (3.12)

J1 in the equations above will the flux of LiPFg in the electrolyte, Ja is the flux of
EC and J3 the flux of DEC.

The following parameters can now be introduced:

= (i) (3.13)
JIF ) ar=o
= (L) _ gL (3.14)
JIF dur=0,dT=0 Lyg
Ji—2j ~q’fJ') Lyi
* q J#FL 157 qi
q; = (— = (3.15)
Ji j=0,dT=0 Lii
J! l
_ q _lqq
K= (_E) = ﬁ (316)
ox / j=0
T
yo L (3.17)
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where 7 is the Peltier coefficient, t; is the transference coefficient of component ¢,
q* is the measurable heat of transfer, « is the thermal conductivity and r is the
electric resistivity at a stationary state. The Peltier coefficient is in this case the
heat transferred reversibly with the current in the electrolyte. When no thermal
diffusion is occurring, it is related to the transported entropy of the charge carrier,
S*, which in this case will be lithium ions. When thermal diffusion processes take
place in the electrolyte, concentration gradients will build up. These concentration
gradients will also induce reversible heat effects due to entropy changes. This must

therefore also be included in the final expression for the Peltier coefficient.

The transport numbers of the ions in the salt is given by the expression for the
transference coefficient, with the ion fluxes instead of the neutral component flux.
Since Li* ions are the only ions involved in the electrode reaction, the flux of Li*
is given by:
Ly; :
JLi* =—j+ /1 2]/F+ J1 (318)
Lyg
That is, it is the sum of the flux of the ions as a response to the other driving
forces (i.e. with the neutral salt flux J;) and the flux of ions due to the electrode
reaction. At stationary state, only the flux Li* ions is different from 0. At open
circuit, j ~ 0 and the flux of Li* effectively be equal to the flux of component 1.
PF; does not react and hence the net flux of the ion follows the flux of the neutral
component LiPFg.
JPFG_ = .11 (319)

The following is then obtained for the transference coefficient of component 1:
= —lp]:g =—1+17;+ (320)

At stationary state J; = Jo = J3 = 0. The only charge carrier at stationary state
will therefore be Li*. The temperature gradient can now be expressed, using the

parameters introduced above:

(3.21)

oT 1(., lhgdmr logdusr I3q0usr
— == + = + = + — +

oz K(q T 9z T 9z T 9z 7
This shows that the temperature profile will not be fully established before station-
ary state is reached. 0T /dz will therefore be time-dependent. AT /Ax will however
be known and controlled. The chemical potential can, using the definitions above,

be expressed as:

Opir TJ; q;0T Tt;,
—_—_ | =- -———t—= 3.22
( ox Ly T 0x F] ( )
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The stationary state chemical potential at open circuit conditions can then be
identified as: .

(aﬂi,T) __4; 0T

oz ;.- =0 T ox

q" is defined from both J; and J;, both of which are dependent on A¢. However,

since these terms will have the same dependence on A¢ this dependence will cancel.

(3.23)

Therefore the gradient in chemical potential at stationary state will only be depen-
dent on the temperature gradient which will be controlled during measurements.
The thermal driving force is then the driving force that gives rise to a gradient in
chemical potential and hence the concentration gradient in the system. If such a
concentration gradient is induced in the system, it would indicate a Soret effect.

At open circuit conditions, the temperature gradient can be rewritten to:

T 1 [ T 10T
8_2__‘]’4_2 __J_ﬁa_
1 11

ox K T T 0z
ZQ_q _l _q_;a_T +l3_q _lj _q_;’a_T
T \ln? Toz) T\ I T 0z
llq % ZQ‘I % l3q % orT ’ % * %
K=~ %~ ) 5, =~ Jq_qul_q2J2_CI3J3)
221 (‘]q —q1)1 - q3)2 - q313)

(3.24)
where A is the stationary state thermal conductivity. By putting the parameters

3.13 and 3.14 into equation 3.7, the potential can be expressed as:

0¢  m OT t10mr taOuar 130u3T

dr TFdz F dx F Oz F dr & (3.25)
At steady state this expression becomes:
0 or t or t or t oT
9¢ __r ol 1 . 2 3 gt j (3.26)

oz TFoz TFMaz TF™9z TF®B9s "
This equation can be simplified and the linear dependence of the flux equations

removed by using Gibbs-Duhem’s equation:
> xidpir =0 (3.27)
i
where x; is the mole fraction of component 7 in the electrolyte, to give:

0¢ x0T 1 ( X1 )6,Lt1,T 1 ( X9 )H,ugj
e 1—— 13 2

- —Zt3
X3 X3

ox F

—rj (3.28)

t
or TF 0x F

This is equivalent to changing the frame of reference to the third component. This

must be done in order to interpret the experimental results, since only two diffusion
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phenomena will be observable due to the linear dependence. The change in the
frame of reference will not affect the stationary state, since at this state J; = Jo =
J3 = 0. The measurable heat flux, electric current flux and temperature gradient
are also invariant to the choice of frame of reference [13]. From Gibbs-Duhem’s
equation and equation 3.23 the following relationship can be found between the
heats of transfer:

—q3 = —q; + _3‘]2 (3.29)

The chemical potential of the species in the electrolyte is given by

(3.30)

{y? +RTIna; = u? + RT In(y;x;) for EC,DEC
Hi =

;1? +RTIna; = p? + 2RT In(y;x;) for LiPFg

where a; is the activity coefficient of component 7, y; is the activity coefficient

and x; is the mole fraction of ¢ in the electrolyte. As a salt is dissolved into it’s

respective ions, the expression must be adapted for LiPFg. Thereby 6’3?; can be

rewritten to:

RT 0x; (1+ dlny;

for EC,DEC
Opir  Opir 0x; | x; Ox Glnxi) (3.31)
dr  dx; 0z ; ; '
x x; Ox 2RT 0x; (1 N alnyz) for LiPFg

x; O0x

0lnx;

Which gives the following expression for the gradient in the composition at sta-

tionary state when using equation 3.23:

_4XiOT () Olnyi) o 40T o e DREC
dx; | RT? 0w 0ln x; RT? 0z (3.32)
Ov | 4% 0T (| Olnyi) 4% 0T e |
2RT? 9z dlnx;]  2RT2dz 6

The last approximation holds at low concentrations of LiPFg. A further simplifi-

cation can be made for the potential gradient by inserting this into equation 3.28.

o1 TFoz F 9z T F\n2 ) e, T (339

¢ = 8T 2RT 11 )om RT(1 1\ oxg
X9 X3 or

The Peltier coefficient of the electrolyte must now be identified. S{ .+ is the trans-

ported entropy of Li*, defined here as Peltier coefficient of the electrolyte in the

absence of contribution from chemical potential gradients of neutral components:

L
el _ qp _ *
ﬂdﬂr,lidﬂr,zzdﬂr,sio - L¢¢ - TSLi+ (3'34)

It is interpreted as the heat carried by the charge carrier Lit at stationary state.

Outside of the stationary state mass fluxes will be present and affect the Peltier
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coefficient through heats of transfer. At the initial state there is no chemical po-
tential gradient. The Peltier coefficient of the electrolyte at can now be identified
as:

el — * )Cl * )CQ *
= TSLi* + (l‘l - x—3t3) qi + (Z‘Q - x—3t3) qs (335)
Thereby, expressions for the temperature, concentration and potential gradients

has been derived for the bulk phases. The contribution to the initial potential can

also be expressed using the heats of transfer:

aget gl (aTe) i (aTel) 1 (t x )qi (aTel)
ox TF \ oz F 0z |y _jpegsm0 F X3 T\ 0z J; _jm15-0

F X3 T ox J1=J2=J3=0
(3.36)

At steady state the concentration gradient and hence the chemical potential gradi-

ent will be fully developed and contribute to the potential. The chemical potential
gradient will not be present at t=0. Using equation 3.23 and 3.35 this will then

give another expression for the final potential gradient at open circuit conditions:

apet 1 ST PR PR DR - P D T
or TF\ " Pt T\ T 2 e

= — S£i+ (aTel )

(3.37)

F ox

Transported entropies are temperature dependent values [25]. The values at the
cold and hot side of the cell will therefore be different. This change leads to a
heat effect within the electrolyte called the Thomson heat and the variation in

the transported entropy with temperature at constant pressure is given by the
05; (3.38)
=T .
olnT » '
When small temperature gradients are used, this temperature dependence is nor-

Thomson coefficient:

mally negligible. The middle temperature of the temperature gradient will be kept
constant for the system. 7p,;+ typically is in the same order of magnitude as entropy
terms and is in addition divided by a temperature term in the contribution to the
potential. Because small temperature gradients will be used in the experiment, it
will be assumed to have a small contribution and will be neglected.

3.1.2 The Anode and Cathode Bulk Phases

The electrode bulk phases are considered to be homogeneous systems and thus

there is no gradient in chemical potential. Since the electrodes studied here are
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either fully lithiated or no lithium is present, diffusion within the electrode will be
neglected. Hence, it can be treated in a simpler way, by removing the terms con-
taining the chemical potential gradient. The flux equations can then be described

as:
a1 106
Jq = qu (%T) + quj (—T%) (339)

01 10¢
_ - _—_Zr 4
J L¢q(6:rT)+L¢¢( T(?x) (3.40)
The Peltier coefficient for the electrodes is:

n =TS} (3.41)

Where S} is the transported entropy of the charge carrier of the electrode. However,
it is not certain whether the Li-ions react at the surface and then diffuse or react
within the pores of the electrodes. In the first case, the electrons will be the
charge carriers and S; = §;_. In the latter case, the lithium ions will be the charge
carriers and S = SEi*,e’ that is the transported entropy of lithium ions within the
electrodes. Another complication is the charge on the intercalated Li. Silbernagel
et al. found that Li is partially ionized inside LixTiSy electrodes [34]. The lithium
atom/ions left are highly mobile. Lithium in LiyMO; is also mobile This means
that there are most likely two charge carriers inside the electrodes, and S} must
be a combination of the two. The expressions for the temperature and potential

gradient for the anode will then be:

oT*  1(., %,

81; = _Z (an - 7]) (342)
¢  maT |

ox T TTF dx I (3.43)

and the equivalent expression also applies for the cathode.

3.1.3 The Electrode Surfaces

At the electrode surfaces a distinction must be made between the flow in and out
of the electrode. The lithium ions move from the anode to the cathode. The anode
surface will therefore have a flow in to the surface from the anode bulk phase and
a flow out from the surface to the electrolyte. The cathode surface will have a flow
in to the surface from the electrolyte and out of the surface to the cathode bulk

phase. The entropy production thus becomes:

1
TS

(Ai,o¢ + A"Gs) (3.44)

Iz 1 ’ 1 .
O'S:]qui’s (f)‘i"]qus,o(?)_] F
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Here, the rate of the reaction r is expressed in terms of the current density by
r = j/F. Hence the entropy production from the potential and the Gibbs energy
of the reaction will both be a product of the current density. The forces at the

electrode surface can be expressed in terms of the corresponding resistivities:

1
Ai,sf “J”+rwJ¢'1° +rigd (3.45)
1
Aso o = “J”+rOOJ:ID+rO¢] (3.46)
1 A G S’L 117 S 10 S .
—F( o + - ) =1 T30l g4l (3.47)

It is assumed that r; =rS. = 0. This means that coupling of the heat fluxes across
the surface is neglected.

‘ J/ rs
xts = F(—?) -r2 (3.48)
J ré
A T=0 i
JIO ri
n%°=F (i) -F2 (3.49)
J A, ,T=0 To0
. 1
155 = 2 (3.50)
Tialio
PRI (3.51)
s, T2 '
oot o i
rS rS rS rS
Py L (r;¢ _ q¢s ¢q _ q¢s ¢q) (3.52)
Faq "aq

The expressions above can now be introduced to give the following expressions for

the forces:
1 1i i
Ay sT = ~ T (qu - F]) (3.53)
1 , o .
Moo = -— (]qo _ F’) (3.54)

The electric potential can now be expressed similarly as before, as the potential
also will have a contribution from the reaction happening at the electrode surface,

the Peltier coefficient and the resistance across the surface.

Ai ST As oT .
= (3.55)

AG®Y it n°
T TiopT® ToiF

(Ai,o¢ +

However, since these are surface parameters and the electrodes are thermostatted,
it can be noted that Ts = T;, = T,,;.
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3.2 The Soret Effect

The thermal gradient will work as a driving force for the Soret effect and establish
concentration gradients within the electrolyte. The Soret coefficient is defined in

one direction for one component as [13]:

dc; , « _
P (0_2) _ & _ q; 8MTJ' ! (3 56)
i D; ¢T\ dc '
J;i=0

i ()

Where D} is the thermal diffusion coefficient for component ¢ and D; is the in-

terdiffusion coeffficent for component 7. The expression for % has already been

found in equation 3.32, so the Soret coefficient can be rewritten as:

) = S
STi = —| —7 oy == % = g (3.57)
).\ (@),

=

The results from equation 3.32 can be used to describe the gradients in the com-

position of the electrolyte.

x; 0T
_4X T RC/DEC
9x; | RT? 9z (3.58)
dx q;x; oT '
- 2 for LiPF
oRTZ 9z 0 0T

By inserting this into the equation above, the Soret coefficient can be determined
to be:

~4:%i (6T *
_(—W £ ﬁ)) -4 4 EC/DEC
' ) J;i=0
T

X; (a_z N RT?
ee] L E) L (3.59)
_(L(c’?_x)) = a; for LiPFg
aT 2
Xq (%) Ji=0 2RT

The Soret coefficients can be related in similarily as the heats of transfer through
Equation 3.29:

al al al
—sra 1+ SR ) s oo (1 SR L 2 (14 2222 (3.60)
’ x3 0lnxq x3 01ln xo

If the logarithm of activity coeflicients is approximately constant with the logarithm

of the molar fraction of a components, this relation is simplified to:

X1 X2
—=ST,3 ® 2—ST’1 + —ST7,2 (361)
X3 X3
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3.3 The Seebeck Coefficient

The Seebeck coeflicient is defined as the potential over the temperature gradient
and can be divided into three contributions for the system:

s = [% _ (Aa¢+Ac¢ + Aa,e¢+Ae,c¢ + At

(3.62)
AT ;g AT AT AT ),

Where A,¢ is the potential gradient over the anode, A ¢ is the potential gradient
over the cathode, A, ,¢ and A, ¢ is the potential gradient between the anode sur-
face and the electrolyte and the cathode surface and the electrolyte respectively and
A ¢ is the potential difference over the electrolyte. AT is the temperature gradient
between the two electrode surfaces, i.e. T4 —-T%¢. These potentials can be related
to the expressions found in the previous section. Then A,¢, A.¢ and A.¢ can be
expressed by the expressions found for the potential in the bulk phase. A, ¢ and
A c¢ can be expressed by using the potential at the electrode surfaces and the
equivalent expression for the cathode. Because the electrodes are thermostatted,
the electrode temperatures are related by 7%€ =T*® =T%% and T%¢ =T%¢ =T%°.

The notation used in the previous section can be rewritten to fit the two elec-

trode surfaces in question by introducing the following notation for the anode:

1 =a,e
1,0=0,1=a,s
0 =e,a
A;s =a,s-a,e

As o =e,a-a,s

3.3.1 The Electrolyte

At t = 0 and open circuit conditions, the following expression can be found for the

electrolyte potential:

Lyg 1 1 1
L —AT + — (tl - ﬂ1‘3) A/«ll,T + —= (tg - x—2t3) AIUQ’T (363)
X3 F X3

Agj-g = ——22
e I

The Peltier coefficient of the electrolyte is

né= TS*iJr + (ll - ﬂ1‘3) qT + (IQ - E1‘3) q; (364)
X3 X3
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Alternatively it can be expressed using the Soret coefficient (see Eq. 3.59):

¢ = TSEi* +2 (t1 - x—ltg) RT2ST,1 + (IQ - E1‘3) RT2ST,2 (3.65)
X3 X3

At any time the contribution to the electric potential from the electrolyte will be:

1 * ec ea 1 * e,c e,a
8ot = (<83, (1= 1%0)) = iz (10 Sho g 1 -7
1

~TF

1 X9
+ = |to — —t3| A
F ( 2 X3 3) M2, T

1 X
(t1 - —13) a (T5°=T%) + & (n - —1t3) Apar (3.66)
X3

Then the contribution from the electrolyte to the thermoelectric potential initially
will be:

= 1- 2— /13
AT ) igime P TR 1T ) TR (2T )
2RT ( X

(3.67)
RT X2
1 — —13|S7,1+ — (t2 — —13]|ST,2
X3 F X3

~ FSI’; -+

The stationary state contribution to the Seebeck coefficient will be:

Aeqﬁ) 1,
S =——5, (3.68)
(AT j=0,du=0 Fu

3.3.2 The Electrode Bulk Phases

The following expression has been found for the change in the electric potential
through the electrode bulk phase for the anode:

_¢a - raj (369)

An equivalent expression can also be used for the cathode. On integrated form and
by putting j = 0, the expression for the potential in the anode and the cathode
becomes:

Aot + Aot = 117 (s @0 —T7%¢) + 8% (T%° - T0)) (3.70)

From before it has been seen that the transported entropy of the charge carrier in
both electrodes is S;. The temperature dependence of the transported entropy of
the charge carrier in electrode is assumed negligible. T%? = 740 = T0 can then be

inserted into the equation to give the following:

Agdp +Acd = % (S) (T°° -=T%*°) (3.71)
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The contribution form the electrode bulk phases to the Seebeck coefficient:

(M) _le (3.72)
Jj=0 ‘

AT F

3.3.3 The Electrode Surfaces

The partial entropy can be expressed by the following Maxwell relation:

[) .
S, = (i) _ (ﬁ) (3.73)
Nj P.T,Nizj or p.N

From before it has been found that at equilibrium, the entropy production is 0 and
hence the expression for the potential drop over the electrode can be expressed as:
( A, G* ) 't n°

Aj o+ )= mAz‘,sT

And the equivalent notation for the cathode. The anode surface potential with

1 1 .
* To,iF_As,oT— FAz',s#LitT - FAs,o,ULi*,T —-rj (3.74)

Jj =0 can then be expressed as:

ﬂa’e (Ta,e _ TCL,S) + ﬂ-e‘a (Ta,s _ Te,a) _ AnGa-S
T&e¢F TeeF F

Aa,e¢ = (3.75)

Because of the thermostatted electrodes, all terms except the last will disappear.
Hence the anode surface potential can be expressed by:

AG*>*
F

Aged = — (3.76)

Which is in agreement with Nernst equation. Similarly the cathode potential can

be expressed as:
A,G5¢
Ae,c¢ = nF

Since A,G*® has contributions from neutral surface components [35], the contri-

(3.77)

bution to the anode potential is:

A, G*3 1
—— = (- ML) (T*9)) (3.78)

And similarly for the cathode:

A, GS% 1
"F = & (ML (T9) (3.79)

Where p1,i(x,s) is the chemical potential of Li in the electrode. By using equation

3.73, these equations can be rewritten to:

1
Ay e = 7 (SLixs)T*€) (3.80)
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1
Agcp = 7 (SLices)T“°) (3.81)

The contribution from the electrode surfaces to the Seebeck coefficient can therefore

be expressed as:

All €¢ + Ae C¢ 1
_— = —SLi 3.82
( AT i=o F Li(z, ) ( )

3.3.4 The Total Seebeck Coefficient of the System

The Seebeck coefficient can now be found by adding the individual contributions
to the thermoelectric potential that has been found. The thermoelectric potential

is then at stationary state:

Ms,00 = [E]j:O,t:oo " F (Se =St SLi(z’s)) (3.83)

At t= 0 it is:

)
AT | ;-0,i=0

1 * * 1 X1 s 1 X2 %
7 (Se - SLi+ T (tl - x—3t3) q, — T (12 - gt3) qs + SLi(m,s))

15,0
(3.84)

This shows that the Seebeck coefficient will be dependent on the Soret effect in
the cell. Since both g} and g; affect the thermoelectric potential, this means that
there might be two Soret equilibrium that have to be established before the system
reaches a stationary state. When t = 0, the heat of transfer terms will make a large
contribution to the Seebeck coefficient, but as t— oo and the system approaches a
stationary state it will give a smaller contribution to the coefficient [25]. If both
the initial and steady state Seebeck coefficient is known, this can be used to find

the measurable heat of transfer as a function of the temperature:

1

X1 « 1 X2 «
TF (t1 - gf:z) Q1+ == (tz - x—3f3) g5 = = ((Ns) 500 — (Ms)i=0) (3.85)

From this it can be seen that the Seebeck coefficient is dependent on the material

of the electrode, the solvent of the electrolyte and the ion of the electrolyte.

As ¢* is related to the chemical potential gradient, and the chemical potential
gradients may have opposite signs, it is likely that the measurable heat of transfer
for the salt and at least one of the solvent molecules is of opposite sign.

Sti(z,s), the entropy is the entropy of Li in the two-dimensional layer, will not
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be equal to the standard entropy of lithium. An estimate of the value of Sty s)
will be the standard entropy and an additional intercalation contribution. With
different x, Sti(4s) Will have a different value. The intercalation contribution is
discussed and a model developed and compared to a model used in literature in

Appendix E. The contribution can however be shown to be small.

3.3.5 The Time-Evolution of the Thermoelectric Potential

The change in composition with time as a result of the Soret effect has been derived
by de Groot for solutions at infinite dilution and uniform density, and extended
by Bierlein to include thermal expansion [15, 36]. From this, the time dependence
of the thermoelectric potential of binary solutions has been derived by Agar et al.
and Tyrrell [19, 37):

8(€co — t
e - oo 0) Ly t>6/3
b 6

o\ 1/2 . (3.86)
€0 +4r (ﬁ) (€00 — €0) (1—2\/E7r)z'erfc [§\/t/_0]) 1<06/3

€t =

Here €; is the thermoelectric potential at time t and 6 is the time constant given
by:
h2
=— 3.87
Dn? (3.87)
Here h is the distance between the electrodes, i.e. the diffusion path length, and D
is the diffusion coefficient. ierfc is here the integral complementary error function

defined as:
ierfcx = 1 exp (—xz) —xerfcx (3.88)
\r

By fitting an exponential equation to a plot of the thermoelectric potential over

time, the diffusion constant of the components of the system can be determined.

The electrolyte used in the cells in this thesis is not binary, but ternary. There-
fore the expression given by Tyrrell is not valid. However, when coupling between
mass fluxes is assumed negligible, that is /;; ~ 0 which is an assumption used
for the derivation in this thesis, the time development of the composition of the
components are independent. If the two diffusion phenomena do not overlap to
a significant degree, i.e. occur on different time-scales, the expression by Tyrrell
could be implemented twice to describe the evolution of the electric potential of a
ternary electrolyte with time.
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3.4 Peltier Heat

The Peltier heat is defined for interfaces or junctions [13]. It is the heat that is
transferred reversibly when current passes through the electrodes to the electrolyte.
The Peltier heat over the temperature is the entropy transferred across the inter-
face. It is the difference in the Peltier coefficient of the two sides of the interface
and the heat from the electrode reaction. The Peltier heat at one electrode and the
surrounding electrolyte can be defined from experimental measurements of A¢/AT

at intial time and stationary state to be [25]:

A
P :ﬂ_electrolyte _ n,electrodes _ TSLi(x,s) - _F (A_;i) T

* * X1 * X2 *
T (_Se + SLi* - SLi(:I;,s)) + (tl - x—3t3) q; + (2‘2 - x—gtg) ¢, at t=0

T (—SZ + Sii* - SLi(:I;,s)) at t o o0

(3.89)
Faraday’s constant is included to give the correct units. When charge is passed
through a cell, the Peltier heat of the anode is positive, i.e. heat is absorbed, and
the Peltier heat of the cathode is negative, leading to local cooling at the anode and
heating at the cathode. For lithium ion batteries, LiCoO2 will be the anode during
charging and thus local cooling will occur during charging and heating during dis-
charging [9]. Cg will be the anode during discharging and thus local heating will
occur during charging and heating during discharging. The opposite is true during
discharging. It can clearly be seen that the composition of the electrolyte must
affect the Peltier heat of the electrode-electrolyte surface. The correct description
of the Peltier heat of these cells is then the Peltier heat at the electrode and its

surrounding electrolyte.

This expression at stationary state is consistent with the expression for the Peltier
coefficient at the double layer of one electrode of a lithium-ion battery given by
Latz et al. [38]. The only discrepancy comes from the definition of the Peltier
coefficient they used, which was © = Tn,. Latz et al. did not include any contri-
bution from the Soret effect in the Peltier coefficient, but included it as a separate
heat effect. By including the temperature dependence of the chemical potential of
Li-metal neglected by Latz et al., the expression found can be written using the

definition of the Peltier heat and the notation used in this thesis as:

0 ((ps — He)/z4)

m= T (g} =) + T——=—0

(3.90)
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where 175 and 5§ is the contribution to the Seebeck coefficient from the electrode and
electrolyte respectively, and w is the temperature derivative of the chemical
potential of the active particle in the electrode and electrolyte. The difference
Us — U is related to the electric potential change over the surface at one electrode.
The temperature derivative of this is —Spi,s) (see chapter 3.3.3). the This is the
entropy of the active particle in the intercalation process of the electrode, which is
Li. z4 is the charge number of the ion involved, which for lithium is 1. The terms

can be interpreted as S;/F, S£i+ /F and =St ) respectively.

3.4.1 Total Reversible Heat Effect in a Lithium Ion Battery
Cell

The total reversible heat effect is the sum of the local heat effects, i.e. the single
electrode Peltier heats, occurring at the cathode and anode.
rev -] a C . A¢ ¢ A¢ ¢
= — - =T e I . ]'
0 =L a7 ([-52) - (-5 (3.91)
It is thus a sum related to the thermoelectric potential of two thermoelectric cells

related to only the anode and only the cathode with the same electrolyte. At initial

state:
_ *, % C X1 *C
7% — g€ =T (Se c_ SLi+ + Sﬁi(m,s)) - (tl - gl‘g) q;

X *, *, *,
- (m - x—il‘g) gy =T (S2* =S+ St ns) (3.92)

X1 * X2 *
- (n - —ts) a7~ (tz - —l3) 95
X3 X3
where the superscripts a and ¢ again relates to the values for the anode and cathode
respectively. However, since this is inside one cell, the electrolyte is the same. It

will now be assumed that ¢ = ¢, since these are properties related to transport

of components in the electrolyte. This simplifies the expression to:
n% = =T (3¢ =8P+ Sting) —T (S0 =P8+ S80s))

(3.93)
= FT(ng —ny)

This then means that the total heat effect in the cell is a constant value while the
Seebeck coefficient of each half-cell is constant. By measuring the Peltier heat at
the individual electrodes, both the local and total heat effects in a Li-ion battery
can be found. In literature, the convention is the express the total reversible heat

effects in a battery as [9]:
J
TV = TAS— 3.94
Q - (3.94)
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where n is the number of electrons in the electrode reaction (here n=1) and AS is

the entropy change related to the reaction of one Li* at the anode and the cathode:

nFA¢

AS =
AT

(3.95)

This Viswanathan et al. stated that since one reaction occurs at the anode and
one at the cathode, the total entropy can be divided into a contribution from the
anode and the cathode [9]:
e o (A Ag\* n* x¢

AS = AS°+ AS _F(E) —F(—) =T~ T (3.96)
This is consistent with the theory developed by Newman, which related the sum of
the Peltier heats, and thus the Seebeck coefficient, of the electrodes to the entropy
change of the cell [39]. Newman did not include the transported entropy of the
charge carrier in the electrodes or in the electrolyte, rather expressing the Seebeck
coefficient using only partial molar entropies. This treatment does not include the
contribution form the transported entropy, which differs for the different electrodes

and electrode surfaces. However, it is known through the Nernst equation that

dA¢  10AG 1
i Ay :
oT Far - FY (3.97)

The same relation holds for the theory used in this thesis when cells with identical
charge carriers in the electrodes are considered and the assumption is made that
the transported entropy of the ion is the same for both electrodes, which was shown
by Forland et al. [25]. This relation must also hold here, as the equation above
is valid for electrochemical cells. If the transported entropy for the two electrode
charge carriers and the ion is the same for the two electrodes, only the entropy
change from the reaction is left. This would then mean that the total reversible
heat effect is independent on the electrolyte, while the local reversible heat effect
is not. It is unlikely that the transported entropy of the charge carrier is equal for
the two electrodes, so in general Sy¢ # Sy ®. However, if the external circuit is also
considered these differences will cancel. This will also be true for the transported
entropy of lithium. It can therefore be concluded that the same result is obtained
by adding the Peltier heat of two half cells and by measuring the entropy change
over a battery cell.
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Experimental

The experimental part is divided into three parts; the assembling of thermoelectric
pouch cells, the temperature calibration of the measurements and the thermoelec-
tric potential measurements. The thermoelectric potential measurements involves
the measurement on LiCoOq cells, Cg cells and LiFePOy4 cells.

4.1 Pouch Cells

The pouch cells were made by Frank Richter. The pouch cell housing consisted of a
laminate of 12 pm polyester polyethylene terephtalate (PET), 9 pm aluminium and
100 pm polyethylene (PE). This laminate was cut so that it had 4 cm height and 4
cm width. The laminate melts under the application of heat, which was used to seal
the cell. A current collector, for LiCoO9 and LiFePO, aluminium and copper for
Cg, was connected to the cell through a contact sealed to the laminate. Because of
the size of the current collector, a thermal bonding film was added to seal the side.
This thermal bonding film was from 3M with the article number TBF615. A tape
from 3M with article number SC-100-10 was used to keep this film in place. The
cell was then sealed on the side with the current collectors in the cell by applying
heat to melt the thermal bonding film. The electrodes (LiCoO2 HS-LIB-P-Co-001,
Cg HS-LIB-N-G1-001 and LiFePO,4 HS-LIB-P-LFP-001 from Hohsen) and a stack
of 4 separators made of Whatman Glass Microfibre Filters GF/D (no 1823070, pore
diameter of 2.7 um) were then placed inside the pouch. The electrodes were placed
so that they are in contact with one current collector and the current collectors
did not have any physical contact (no internal short circuiting). Another side was
sealed by applying heat to the thermal bonding film on the edge. The electrolyte
used was LP40 electrolyte from BASF consisting of a 1M solution of LiPFg and
a 50:50 mixture of EC/DEC by weight. The concentrations of the components
of the electrolyte was 0.528 mol/kg, 5.223 mol/kg and 3.893 mol/kg for LiPFg,
EC and DEC respectively. The molar ratios was then x1=0.0547, x2=0.5416 and
x3=0.4037. The electrolyte was then added drop-wise to the separator stack inside
a glove-box. The pouch was then vacuumized before the finale side was sealed by

applying heat. The assembling of the individual components of the pouch cells is
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illustrated in Figure 4.1.

I:-)

Figure 4.1: Tllustration of the individual components of a pouch cell. a) The
outer walls made of aluminum film with a thermal bonding film, b) the current
collector made of aluminum (LiCoOg and LiFePOy) or copper foil (Cg), ¢) the
wetted separator, d) the electrodes of either LiCoOy, LiFePOy4 or Cg. The
electrolyte is added to one electrode, after which the separator is soaked with
the electrolyte and the second electrode is added before the pouch cell is sealed.

4.2 Temperature Calibration

To determine the thermoelectric potential of a cell, the temperature gradient
present inside the cell had to be estimated and measured. The thermal profile
in the cell was calculated using thermal conductivity data and the cell dimensions
(see Table B.1 in Appendix B). However, it is reasonable to assume that the devia-
tion from the stationary state temperature profile is small. Due to the dimensions
of the separator and electrodes, the assumption of thermostatted electrodes is rea-
sonable and it can be assumed that the temperature gradient exist only over the
separator (see the thermal conductivity data and thicknesses in table B.1 in Ap-
pendix B). The same assumption and similar choice of cell dimensions were used
by Hudak et al. for studying thermoelectric properties of Li,TiSq cells [16].

In the LiCoO3, LiFePO4 and Cg pouch cell, the temperature was measured on

the outside of a copper plate. To measure the temperature gradient within the
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cell, Richter made a LiCoQOg cell with thermocouples inside the cell. The tempera-
ture gradient inside the cell was then calibrated against a measurement with a cell
made with thermocouples between the electrodes and the separator. Omega Self-
Adhesive K-type thermocouples with diameter of 12-20 nm were placed between
the electrode and the separator on each side of the cell. The temperature gradient
inside the cell was then measured for 5 different external temperature gradients.
The experimental set-up for the temperature calibration is shown in Figure 4.2.

Figure 4.2: Ilustration of the individual components of the temperature calibra-
tion. a) The outer walls made of aluminium film with a thermal bonding film,
b) the current collector made of aluminum (LiCoOs and LiFePOy) or copper
foil (Cg), ¢) the wetted separator, d) the electrodes of either LiCoOq, LiFePOy
or Cg, e) thermocouples between the electrodes and separator and between the
copper plates, f) copper plates used for thermostatting the cell. The electrolyte
is added to one electrode, after which the separator is soaked with the electrolyte
and the second electrode is added before the pouch cell is sealed.

A deviation was observed between the temperature profile obtained using Fourier’s
law (see Figure B.1) and the temperature profile found experimentally shown in
Figure 4.3. Since the cell is not completely flat, this deviation is believed to be

the result of air trapped between the copper plates and the pouch cell. An air
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gap between the copper plate and the pouch cell will have a high resistance. It is
therefore likely that this is the primary source of temperature gradient loss. The
resulting temperature gradient was 71 + 1 % of the temperature gradient measured
between the copper plates. The temperature gradient inside the cell is primarily in
the electrolyte, supporting the assumption of thermostatted electrodes. Another
source of heat loss or gain is the current collectors. Part of the Al or Cu current
collectors are outside of the cell. The current collectors will therefore conduct heat
to the cold part of the cell from the surroundings and heat will be lost to the sur-
roundings from the hot part of the cell. This source of heat loss/gain is assumed
to be minor. A source of error present in these calculations is that the conductiv-
ity of the wetted separator was measured without LiPFg present in the carbonate
solution.

Since the calibration cell was only made using LiCoOq electrodes, it will be as-
sumed in this thesis that it is valid also for the LiFePO4 and Cg cells. The cell
dimensions are the same and the electrode thermal conductivity is high enough in
comparison with the wetted separator that this is a reasonable assumption.

Pouch cell
Cu housing EOUC!‘ cell ¢y
plate ousing
Air gap M ico LcoAl

Air gap

the

T[K]

3 4 5 6
L [mm]
Figure 4.3: Shows the stationary state temperature profile calculated using

Fourier’s law and the thermal conductivity data for the pouch cell, see Table
B.1 in Appendix B.



4.3. Thermoelectric Potential Measurements 33

4.3 Thermoelectric Potential Measurements

The electric potential was recorded using an Agilent 34970A Data acquisition/Switch
unit. The temperature gradient was established using two water baths set to differ-
ent temperatures (thermostat Grant GD 120). The middle temperature was kept
constant at 25°C throughout the experiments, and the water baths were set so that
an external water bath temperature gradient of 5, 10 and 15°C was applied and
in addition 12.5 and 20 °C for the LiFePOy4 cells. The water circulated in tubes
through a frame holding the equipment together and the tubes were in contact with
the frame exchanging heat with copper plates, one for the tube with cold water
and one for the tube with hot water. The hot water flow was set on top of the cell
to avoid convection. The copper plates were used as a heat conductor to apply the
temperature gradient uniformly to the two sides of the pouch cell. Omega Self-
Adhesive K-type thermocouples were placed between the copper plates and the
pouch cell housing to measure the temperature gradient during the experiment.
The electric potential and temperature was recorded until a stationary state was
reached and until system had relaxed to the initial equilibrium state. A calibration
curve and heat conduction measurements were used to determine the temperature
gradient between the electrodes. An illustration of the experimental set up within

the frame is shown in Figure 4.4.

a)

~

Figure 4.4: Illustration of the initial experimental setup; a) frame , b) hot water
flow, ¢) cold water flow, d) heat conducting copper plates and thermocouples,
e) pouch cell, f) current collectors of the pouch cell.The heat conducting cop-
per plates transfers the heat from the water flowing in tubes inside the frame
continuously to the pouch cell. The hot water flow is placed at the top of the
frame to avoid errors due to convection and thereby an increased heat transfer

from the hot electrode to the cold electrode.

The LiCoOs2 cells were short-circuited prior to the start of the first experiments. A
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gradual change in the bias potential over the course of the measurements was in the
case of the graphite cells very large. A smaller, though significant change in the bias
potential was also observed for the LiFePOy cell. The graphite and LiFePO4 cells
were short-circuited at room temperature for 2-3 days prior to each of the measure-
ments and allowed to reach an equilibrium state again before every measurement.
Due to the change in bias potential, the graphite cells were turned around and the

experiment repeated with the opposite order of temperature gradients.
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Results and Discussion

The electric potential before, during and after a temperature gradient was applied
to LiCoO2, LiFePOy4 and Cg pouch cells has been measured for external tempera-
ture gradients of 5, 10 and 15K (and 12.5 and 20 K for the LiFePOy cell).

The LiCoOs cells investigated had already been used in previous measurements
and so showed a very constant behaviour in the bias potential, though a small drift
was observed. The Cg cells were, however, unused and had large changes in the
bias potential for each measurement. The LiFePOg cell was also unused, but had
a smaller change in bias potential of around 2 mV per measurement. A similar
drift was observed by Hudak et al. for Li, TiSo symmetric cells [16]. The pristine
condition of the Cg and LiFePOy4 cells and used condition of the LiCoOs cells will

be taken into consideration in the interpretation of the results.

The values of S for the electrodes have been reported in literature (including
the current collectors) and are given in Table C.1. As mentioned in Section 3.3 the
entropy of Li inside the electrode is not known. As a first approximation to get an
estimate of S}:iﬁ the standard entropy of Li in the solid crystal state will be used
as an estimate for Sticzs). At 298 K, this value is 29 J K1 mol~!. For LiCoOs
and LiFePOy, this estimate is reasonable, as the completely filled electrodes should
have a very small contribution from the intercalation, as the logarithm of 1 is 0.
A more complicated case occurs for the graphite cells. The graphite cells have
no lithium inside the electrodes prior to the assembling and the lithiated state is
therefore unknown. If there still is no lithium inside the electrode at the time
of measurement, how can an estimate of the entropy be made for particles not
present? It is also possible that some lithium may have diffused into the electrodes
from the electrolyte. If this is the case it is not possible to know the lithiated state
of the electrode at the time of the measurements.

Lundgren et al. measured the transport number of Li* for the electrolyte used
in this thesis to be 0.225 with the laboratory frame of reference at 25°C [40]. t1,+
values of 0.17 and 0.23 were obtained at 10 and 40°C respectively. At 10°C, how-

35
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ever, the solvent will be partially crystallized [40]. Since the temperature of the
electrolyte will be in the range of 20-30 °C, a t14+ value of 0.225 will be assumed if
applicable. This gives 11=0.775. t2 and t3 have not been reported in literature.

Kandhasamy et al. measured Seebeck coefficients in salt melts inside a MgO ma-
trix structure. Their results indicate that even though the pores in MgO are in
the pm scale, it still affected the Seebeck coefficient [41]. The inert separator used
inside the cells have pores of the same scale and it is likely that this will affect the
measurements, possibly by increasing the time needed to reach stationary state.
Though the separator is assumed to not affect the stationary state thermoelectric
potential it is recommended that new cells are made with separators of different

pore-sizes in future studies.



5.1. Thermoelectric Potential of LiCoOy Pouch Cells 37

5.1 Thermoelectric Potential of LiCoOs Pouch Cells

A plot of the temperature difference inside the LiCoOs cells and the electric poten-
tial of the cell against time is shown in Figure 5.1 for the experiment with a water

bath temperature difference of 10 K.
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Figure 5.1: The electric potential of LiCoOg Cell A, Cell B and Cell C with a

temperature difference of 5.7 K inside the cell.

A general trend, as shown in Figure 5.1, is repeated; a local minimum in the elec-
tric potential is reached initially. The electric potential then increases to a local
maximum and before it decreases to a minimum plateu at stationary state. The

initial minimum is reached on the time-scale of minutes (see Figure C.3).

The initial thermoelectric potential as given in Equation 3.84 in Section 3.3.4 will
be estimated as the first minimum. It should be noted that at this point in time
thermal diffusion processes are already contributing to the electric potential. The
changes in the thermoelectric potential after this point is are assumed to be the
result of several thermal diffusion phenomena in the electrolyte. One diffusion
process increases the electric potential, while the other decreases the electric po-
tential. Thermal diffusion phenomena, though complicated in the transient time

period, generally follow an exponential curve as the concentration gradient builds
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Figure 5.2: The internal temperature difference and electric potential of LiCoO4

Cell A when the water bath temperature difference was set to 10 K.

up exponentially with time [12]. Since the temperature gradient was not estab-
lished immediately, but took several minutes to develop, it is reasonable to assume
that the onset of diffusion happens before the initial thermoelectric potential neg-
ative peak was established. That there is no common initial value of €, (see Figure
5.4) supports this. This means that the true initial thermoelectric potential is not
observed in this experiment. Since there is an increase after the first minimum, the
initial thermoelectric potential is most likely underestimated in the graphs. Re-
peating the experiments using a different heat source to establish the temperature

gradient faster is therefore a way to improve the experimental results.

The relaxation process after the temperature gradient is reset to 0 involves a sharp
decrease followed by a sharp increase in the electric potential. This indicates that
in the relaxation process, all diffusion phenomena happens simultaneously while
the thermoelectric potential also drops. This means that the difference between
the stationary state value before the temperature gradient is turned off and the
negative peak after the temperature gradient has been set to 0 should be close to
Ado1 — Ado, where Ags, 1 is the electric potential at the intermediate state. The
negative peak can therefore be used to determine more accurately the initial electric
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Figure 5.3: A zoom-in on the measurements at the initial time-period of the
measurement on the LiCoOq Cell A when the water bath temperature difference
was set to 10 K.

potential, and thus the initial thermoelectric potential. The difference between this
negative peak and the bias potential when an equilibrium state has been reached
will then be close to Adeo 2 — AP, 1, Where Ad, 2 is the final stationary state electric
potential. This process will arise from interdiffusion. A diffusion process occurring
because of a concentration gradient is generally more rapid than a thermal diffusion
process. This should mean that the differences between the initial thermoelectric
potential and the stationary states could be more accurately given by looking at

the values from the relaxation curves.

The Peltier heats at initial, intermediate and steady state have been estimated
from Equation 3.89. Using Equation 3.83, an estimate of S; ., has been calculated
from the steady state value. The results are given in Table 5.1. The stationary
state thermoelectric potential does not converge towards a common value. This
makes predicting S7 ., hard, as it is typically obtained from a linear plot of poten-
tial against the temperature gradient. The Seebeck coefficient is typically found
by linear curve fitting of the results of A¢ against AT. Here, however, only two
data points could be used for the curve fitting. It was thus not possible to use

this method. A more uncertain method is to use the measured potential gradient
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Figure 5.4: Plot of the electric potentials of the LiCoOs cell over the tempera-
ture differences within the cell (thermoelectric potential) for the 5, 10 and 15K

external water bath temperature difference measurement.

and temperature gradient from each experiment directly to calculate the Seebeck
coefficient as the stationary state thermoelectric potential measured. The thermo-
electric potential at stationary state can then be used to calculate the transported
entropy of Li* by using Equation 3.83. Repeating the experiment for cells of the
same electrolyte would help determine 775 and S; ., more accurately.

Viswanathan et al. reported the cell entropy of a Li,CoOq/LixCg cell with a 1M
LiPFg EC/DMC (dimethyl carbonate) 1:1 electrolyte for various states of charge
[9]. This is not the same electrolyte used in the cells investigated in this thesis
and is also important to note that Viswanathan et al. do not specify whether the
1:1 ratio of EC/DMC is in weight, volume or mole percent. However, the entropy
change over a battery cell should only be determined by the electrodes and be
independent of the electrolyte. The numbers reported by Viswanathan et al. will
therefore be used as estimates. At state of charge 0 for a lithium cobalt oxide and
graphite cell (x=1 in LixCoOq and x=0 in Li,Cg), the cell entropy change found by
Visnawathan was -105 J/mol K. This gives a reversible heat effect of 31.3 kJ/mol.
By using this total cell entropy the individual heat effects of graphite may be esti-
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mated using Eq. 3.96 from the Peltier heat measured for LiCoOs. The results are
shown in Table 5.1.

Table 5.1: Seebeck coefficients and electrode Peltier heats of LiCoO5 at uniform
electrolyte and at Soret equilibrium and the estimated transported entropy of
Li*. The errors are given to two standard deviations. The values of S|+ are
calculated using S5 = 10 J K~! mol™! and Stix,s) = 29 J K~! mol~!. The Peltier
heat of Cg is calculated from the entropy of the LiCoOg2/Cg cell of -105 J/mol
K (for x=1 in LixCoOg2 and x=0 in Li,C¢) measured by Viswanathan et al. [9].

*Not included in the average value.

AT € €co,1 €c0,2 Sii*’

/K /mV K1 /mV K1 /mV K1 /3 K1 mol™!
2.90% -3.5% £ 0.1 0.68*% £0.05  -3.4%+ 0.05  294* + 3

5.67 22,5 + 0.1 1.3+ 0.1 -1.8 £ 0.1 214 + 2

7.84 -3.1+0.1 1.6 £ 0.1 -1.5 £ 0.1 181 + 5
Average -2.8 +0.3 1.5 £0.2 -1.7 £0.2 200 + 20
Peltier heat at electrode

LiCoO2 /kJ mol™! 84 + 9 -45 +6 51 +6

Ces /kJ mol! -53 £9 -76 +6 -20 =6

The value of 200 + 20 J K=! mol™! for S} ;+ for this electrolyte is a high value com-
pared with values reported in literature for other thermoelectric cells. However,
since the transported entropy is specific for the cell used this is not unexpected. The
positive sign of the transported entropy indicates that heat is transported with Li*.

Few data points were obtained in the measurements on these cells. To check the
reproducibility of the results, new cells should be made. New cells in pristine con-
dition could ascertain whether ageing effects can have affected the measurements

and results in these cells.

5.1.1 Diffusion Coeflicients and Heats of Transfer

The second Soret effect will start as soon as the temperature gradient is set and de-
creases the electric potential. The first Soret effect increases the electric potential.
It is likely that the measurable heat of transfers will both be slightly underesti-
mated because of overlap of these opposing forces. Gunawan et al. pointed out
that since the Soret effect usually is small and it can take days to reach Soret equi-
librium, often only the initial thermoelectric potential or initial Seebeck coefficient

is measured for thermocells [42]. However, as is evident from Figure 5.1-5.4, the
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Soret effect is not small in the case of the LiCoOs cell.

The curves in Fig C.1-C.6 indicates that two diffusion phenomena of different time
scales occurs during the measurement. As a first approximation, Tyrrell’s model
will be implemented twice to estimate the two diffusion constants for the two pro-
cesses. At this time no model exists for the time evolution of a multi-component
diffusion process with a thermal driving force (the development of such a model
has been attempted in Appendix D). An assumption must has been made that
the composition after the first diffusion process has happened is the starting point
for the second diffusion process. By fitting exponential curves to the plot of the
thermoelectric potential, the time constant of the diffusion process, and thus the
interdiffusion coefficient, can be estimated. The two expressions found were:

€¢ ~ 48.2-exp(—0.003716-t) —49.6 - exp(—0.003503 - t) + 3.3 - exp(—0.0007792-t) — 1.8
and
€ ~ 4.5 - exp(—0.00508 - t) — 6.2 - exp(—0.003679 - t) + 3.4 - exp(—0.0006462 - t) — 1.5

for the plots of the thermoelectric potential with temperature gradients of 5.7 and
7.8 K respectively. In these equations, t is given in minutes. The last exponential
term can here be identified as the exponential describing the last diffusion process.
The fitted curves found had high R? values of 0.9997 and 0.9990 respectively. The
fitted curve for the electric potential measurement at a temperature gradient of 5.7
is shown in Figure C.9.

As the experimental method underestimates €g, last exponential term in the curves
correspond reasonably well with Equation 3.86. These exponentials have therefore
been used to calculate a characteristic time 65 value and therefore also the diffusion
constant Ds. The diffusion constant for the first diffusion process is more difficult
to obtain due to the complexity of the curve in the transient state when t is small.
The first diffusion process gives a decrease in the electric potential, the second
terms in the equations above can be identified as the exponential curves associated
with the first diffusion. The first term is associated with the initial thermoelectric

potential.

The constant in front of the terms are not totally in agreement with Tyrrell’s

theory. That the theory does not fit perfectly with the experimental results is
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Figure 5.5: Shows the plot of the electric potential measurement at an internal

temperature difference of 5.7 K and the fitted curve.

understandable since it is an approximation to use it for a ternary mixture. The
initial thermoelectric potential will be underestimated by the onstart of the dif-
fusion phenomena. The slowest diffusion process will begin before the first Soret
equilibrium has been reached. It can also be assumed that the first Soret equi-
librium will be perturbed slightly by the build up of a concentration gradient of
another component. The two diffusion processes will therefore affect each other,
and a complete agreement with Tyrrell’s theory cannot be expected. The charac-
teristic time of the diffusion process will therefore be obtained as an estimate from

these terms.

As stated before the time scales of the two diffusion processes are very different.
An estimate of (t1 - i—;tg) q; and (tg - i—zlg) g5 can be made by using Equation 3.85
and assuming that the intermediate state is the initial state of the second diffusion

process.

'x *
(t1 - —1:3) gt = —TF(€w1 — €0) (5.1)

X3

x *
([2 - x—il‘;g) gy = —TF(Eoo,Q - Goo,l) (52)
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The notation used here assumes that LiPFg is the faster diffusion process. Other-
wise the notation for component 1 and 2 must be switched. This must be confirmed
from simulations of the electrolyte. Since f2 and t3 are undetermined, isolated val-
ues for ¢}, g5 and (through Equation 3.29) ¢; cannot be estimated. The same data
can be used to estimate (tg - ;—;l‘g) s7.2 and (tg - ;—;13) s7.2 through Eq. 3.59. If
the first process is associated with component 2, the Soret coefficients presented
here must be adjusted for the factor 2 in Eq. 3.59.

Table 5.2: Heat of transfer and Soret coefficient data, characteristic times and
corresponding diffusion coefficients obtained from the measurements of LiCoOq

cells. The errors are given to two standard deviations.

AT (tl - i—;ts) q7 (tz - i—;ts) q; (11 - i—;ts) ST,1 (tz - i—;ts) ST,2

/K |/ kJ mol™! / kJ mol™! /K1 /K1

5.7 |-34.4 £ 0.4 88.5 + 0.3 -0.0233 + 0.0003 0.120 + 0.001

7.8 |-43.0 £ 2.2 86.6 + 1.2 -0.029 + 0.002 0.117 + 0.002

AT |6 92 D, D,

/ K |/ min / min / m? s71 / m? s71

5.7 {290 + 20 1283 + 3 210711 £ 0.1 -1071Y 4.20 - 10712 £ 0.01 - 10712
78 |272+15 1548 + 4 210711 £ 0.1 -10711 348 - 10712 + 0.01 - 10712

The two estimates for the measurable heat of transfer values calculated has oppo-
site signs. There can be two reasons for this. One possibility is that the ”effective”
transport number of the second component (to — %tg) is negative (indicating trans-
port in the opposite direction of the lithium ions). Investigating cells of different
x2 and x3 values can be a possible method of determining this. The other possi-
bility is that the heats of transfer have opposite sign due to an opposite sign in the

chemical potential gradient.

The values for the diffusion coefficient for the second diffusion process, in the
order of 1072 m?/s, are significantly different from the self-diffusion coefficients
for Li*, PFg~, EC and DEC reported by Hayamizy et al., which are one order of
magnitude higher [43]. The values for the first diffusion process have a higher un-
certainty, which is not unexpected. Lundgren et al. measured a diffusion coefficient
for LiPFg of 1.5 -1071% m? /s for the same electrolyte that has been used here [40].
The electrolyte is held in an inert matrix by the porous separator. Could the sep-
arator material with 2.7 ym large pores be the reason for the discrepancy between
these values? To establish the effect of the separator on the thermal diffusion pro-

cess the experiment should be repeated using separators of different pore diameters.
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Without results from simulations, it is difficult to be certain which diffusion pro-
cess is associated with which components in the electrolyte solution. However, one
possibility is to investigate a similar cell with an ion exchange membrane instead of
a liquid electrolyte. Such a cell was built and tested as a battery by Liu et al. [44].
For an ideal system, the transport number of a cell with an ion exchange membrane
Li* is 1. This means that there is no net flux of the salt in the electrolyte. At open
circuit conditions, there would also be no flux of Li* ions. Since the ions would
be associated with the fixed negative ions in the membrane, the charge-charge in-
teraction would prevent any thermal diffusion of Li* inside the membrane when
a temperature gradient is applied under open circuit conditions. Thus, the only
flux possible, and only thermal diffusion phenomena of the system, is that of the
non-aqueous liquid in the membrane, which can be chosen to be EC and DEC. This
is a possible system to investigate in further studies to get a better understanding

of the diffusion phenomena in the electrolyte.
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5.2 Thermoelectric Potential of Cs Pouch Cells

The graphite electrodes were in pristine condition during assembling and the cells
were not used prior to the measurements. Originally the lithiated state was 0,
meaning that there should be no lithium present inside the electrodes. This makes
the entropy term difficult to interpret, as the logarithm of 0 is infinite. The con-
tribution from the electrode surface has a greater uncertainty than in the LiCoOq

case, as SLicx,s) is undefined.

A change in the bias potential was observed during the experiment. To deter-
mine if this could affect the behaviour of the cells, the experiment was repeated
with the gradient applied to the opposite side of the cell. From now on the first
arrangement of the cell is referred to as arrangement 1, while the other is referred to
as arrangement 2. The change in bias potential during the experiments decreased
for cell C and B in both the original setup and after the cells were turned, as can
be seen in table 5.3. The exception for this is the change for the first experiment,
when the behaviour of cell B was similar to that of cell A. The change in bias
potential can be an indication of a change in the lithiated state of the electrodes

during the experiment.

Table 5.3: The bias potential of the graphite cells before and after the tem-
perature gradient was applied. The errors are 0.01 mV given to two standard

deviations.
Temperature gradient applied at arrangement 1.

External temperature Bias potential at constant Bias potential after the
gradient temperature experiment

CellA CellB Cell C CellA CellB Cell C
/ K / mV / mV / mV / mV / mV / mV
5 5.00 -0.44 0.14 -4.5 2.45 6.60
10 experiment 1 3.50 0.08 -3.20 4.14 -2.01 -9.61
15 experiment 1 3.20 -3.40 4.50 4.46 -6.00 -14.5
15 experiment 2 2.30 3.10 3.00 2.90 -0.50 -9.90
10 experiment 2 -1.50 -1.10 9.00 -0.80 -1.00 -15.00

The behaviour of the cells were unchanged after turning the cells around and
thereby changing the sign of the bias potential. This means that the direction
of the small electric field due to the bias potential is not significant for the be-
haviour of these cells. Because of this the electrode structure and the lithiated

state are the most likely the factors determining how the thermoelectric potential
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behaves. Evidence of thermal diffusion is not clearly shown. Just as for the LiCoO»
cells, it took days to obtain a steady state value, which indicates that the Soret
effects are present. Other contributions to the potential obstruct the contribution

from the diffusion phenomena.
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Figure 5.6: Plot of the internal temperature difference and the electric poten-
tial of graphite cell A with an external temperature difference of 15 K with

arrangement 1.

It is evident from Figure C.20-C.22 that the behaviour of the cells are not similar
to or as consistent the LiCoO2 cells. Two types of behaviour have been observed;
an initial steep decrease to a minimum followed by an slow increase to a steady
state plateu value or an initially steep decrease that converges to a minimum value

in the electric potential.

Initially cell B behaved similarly to cell A (see Figure C.12 in Appendix C), but
during the course of the measurement series it changed to a behaviour similar to
cell C. The change in the response of cell B in clearly shown in Figure C.27. The
question is then; what is the cause of the discrepancies and how predictable will
the individual behaviour of the cells be over time? The initial period behaviour is,
however, similar to all cells. The steep decrease shown in the initial time period

for all the cells can be interpreted as the initial thermoelectric potential. This time
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Figure 5.7: Plot of the internal temperature difference and the electric poten-
tial of graphite cell B with an external temperature difference of 15 K with

arrangement 1.

period is of greatest importance for the thermal profile of Li-ion batteries. Charg-
ing typically last from minutes to an hour, during which the behaviour is similar
for all the cells.

The measurements for cell B and cell C shows very high Seebeck coefficients, reach-
ing as high as -6 mV /K (see Table 5.4). This is competitive with the highest Seebeck
coefficients reported [6]. However, due to the changing bias potential, the uncer-
tainty of these values is high. The Seebeck coefficient stated is the average between
the value obtained from the response to the temperature gradient and the value
from the relaxation curve. Because the difference between the two is relatively

large, the uncertainty of the coeflicient will also be large.

The lack of predictability of the values obtained and the large uncertainties will,
however, be an obstacle for any practical application of these cells as thermoelec-
tric cells. The bias potential of cell C changed considerably from before and after
the temperature gradient was applied, resulting in increasingly larger uncertainties
for the values measured. The sudden change in behaviour for cell B is another

indication on the instability of these cells.
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Figure 5.8: Plot of the internal temperature gradient and the electric potential of

graphite cell C with an external temperature difference of 15K with arrangement
1.

As stated above, the initial response to the temperature gradient is of greatest
importance for battery applications and in this time frame the cells behave more
consistently. The values of the thermoelectric potential obtained from the potential
measured at the time of the minimum point of cell A has been compared for the
three cells in table 5.5. These values are, however, also vastly different for the
different cells. Cell A and cell C have significantly different Peltier heats both
initially and at steady state. Cell A has less than half the reversible heat effects
on average than cell C at the initial time period and it is an order of magnitude
smaller at steady state. Since both the initial and steady state values are different
for the different cells, this must be related to the values of the terms relevant for
both the initial and steady state expression, i.e. SIti*’ SLixs) and SZ.

If the transported entropy of the charge carrier in the electrode and the electrolyte
is constant, only a change in Spjx ) can explain these discrepancies. The estimate
of §7 ., from the LiCoOg cell was approximately 200 J /K mol. S? for graphite was
determined by Hansen et al. to be -2 J/K mol at around 550 °C [45]. If these
values were valid for this cell, Spix s would be negative according to the data in
Table 5.4 and Eq. 3.83. This is in violation of the second law of thermodynamics.
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Figure 5.9: Plot of the thermoelectric potentials of the Cg cell A for the 5, 10
and 15K external temperature difference measurement for arrangement 1.
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Figure 5.10: Plot of the thermoelectric potentials of the Cg cell B for the 5, 10

and 15K external temperature difference measurement for arrangement 1.
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Figure 5.11: Plot of the thermoelectric potentials of the Cg cell C for the 5, 10
and 15K external temperature difference measurement for arrangement 1. The
bias potential changed during the measurement and this change is not accounted

for in this figure.

Since this is impossible, S; or S£i+ or both will have a different value.

If the value of S} is different from the value measured by Hansen et al., this could
indicate changes in the structure of the electrode from the pristine condition prior
to the measurements, possibly explained a change in the lithiated state. If the
discrepancy is a result of a change in S}, this would give a very large contribution
to the Seebeck coefficients from the electrodes of up to -3mV /K for the material in
question. This is incredibly high for a solid and thus it is highly unlikely that S
alone contributes this.

This means that the estimate of S£i+ from the LiCoOs cell cannot be used here. It

could also indicate that Sii*

for the same graphite cell. It is possible that S* o+ is associated with the electrode

is not constant for the different graphite cells or even

surface. If structural changes has occurred during the measurements, this could
explain the change in the value of §f ... If it is now assumed that S = -2 J /K
mol and Stixs) = 29 J/K mol is valid for these cells, S£i+ values for the different

measurements can be estimated from Eq. 3.83. These values are given in Table 5.6.
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Table 5.4: The Seebeck coefficient at stationary state for the Cg cells. *Since

the cell changed behaviour after the first experiment, the first measurement is

not included in the average. The errors are given to two standard deviations.

External temperature gradient Seebeck coefficient, 7,

Cell A Cell B Cell C
/K / mV K1 / mV K1 / mV K1
5 -0.2 £ 0.2 -0.90 + 0.05 -5.4 + 0.3
10 - first measurement -0.40 + 0.03 -2.9 + 0.12 -4.6 £ 0.2
15 - first measurement -0.54 + 0.03 -3.6 + 0.2 -3.53 £ 0.12
15 - second measurement -0.65 + 0.03 -5.6 + 0.2 -5.1 +£1.2
10 - second measurement -0.40 + 0.03 -6.2 + 0.3 -6.6 + 6
Average -0.4 + 0.3 -4.6*% + 3.5 -5.0 £ 2.2
Peltier heat at electrode
Ce /J K71 mol! -12.7+ 9.5 -132 + 101 -144 + 63

Table 5.5: Initial thermoelectric potential for the graphite cells. The values are

obtained from the electric potential measured at the time of the minimum point

of cell A. The errors are given to two standard deviations.

External temperature gradient Initial thermoelectric potential, €

Cell A Cell B Cell C
/ K / mV K1 / mV K1 / mV K1
5 -2.00 = 0.02 -2.54 = 0.05 -3.65 = 0.3
10 - first measurement -1.96 + 0.06 -2.37 £ 0.13 -3.77 £ 0.15
15 - first measurement -1.39 + 0.03 -2.97 + 0.04 -3.79 = 0.13
15 - second measurement -1.73 £ 0.03 -2.6 £ 0.1 -3.0+24
10 - second measurement -1.34 + 0.02 -4.3 + 0.3 3.7+ 1.7
Average -1.68 + 0.62 -2.94 + 1.52 -3.51 £ 0.71
Peltier heat at electrode
Ce /kJ mol™! -48.3 £ 17.9 -84.5 + 43.7 -101 + 20

It is impossible to isolate values for SEi*’ Ses SLix,s) and the contributions from
heats of transfer from these measurements; all of the values are undetermined and

the composition of the electrode is unknown.

Since the electrodes are pristine before the measurement, it is reasonable to as-
sume that no solid electrolyte interphase (SEI) layer has developed. This could
lead to diffusion of Li* into the electrodes and possibly reactions between the elec-
trolyte and the graphite. If this has occurred, structural changes from dissolved Li

can explain the inconsistent behaviour. Since the stationary state thermoelectric
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Table 5.6: Values of S;i* calculated using S} =-2J K~! mol~! and SLixs) = 29
J K1 mol~!. All errors are given to two standard deviations and are based on
the standard deviation of the Seebeck coefficients of the cell. The uncertainty in
the estimation of S} and Stix.s) is not included. *Not included in the average.

External temperature gradient Transported entropy of lithium ions, S;i+
Cell A Cell B Cell C

/ K /IK1lmol? /JK!mol? /JK!mol!
5 47 £ 2 114* + 5 550 = 30

10 - first measurement 66 + 3 307 £ 12 470 + 20

15 - first measurement 79 +3 370 + 20 370 + 12

15 - second measurement 90 + 3 590 + 20 520 + 120

10 - second measurement 66 + 2.4 625 + 30 660 + 580
Average 70 £ 32 470 + 310 510 = 210

potential also changes from measurement to measurement, this can also indicate
structural changes in the electrodes. The system is not the same at the start and
end of each experiment. Graphite electrode battery cells already have a well de-
veloped SEI layer after the first charge-discharge cycle [32]. This layer could also
affect the Peltier heat. This and the inconsistent results means that the data ob-

tained cannot be used to model the thermal profile of a Li-ion battery.

To obtain information regarding the Peltier heat of the Cg electrode, further re-
search should investigate electrodes already cycled in a battery and at known lithi-
ated states. This would ensure that a stable SEI layer has formed prior to the
measurements and will limit any structural changes that might have occurred with
these cells. It will also ensure that the results are relevant to the electrodes in
battery cells. The composition of the electrode would then be known and measure-
ment on such a cell would give a more accurate picture of the thermal signature
around these electrodes relevant to lithium-ion batteries in performance, and not

in pristine condition.
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5.3 Thermoelectric Potential of LiFePO, Pouch
Cells

A plot of the temperature gradient inside LiFePOy cell A and the potential of the
cell against time is shown in Figure 5.12 for the 5 K experiment. The plots for
the 10, 12.5, 15 and 20 K experiment are shown in Figure C.33-C.36 in Appendix C.
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Figure 5.12: The temperature difference and electric potential of LiFePO4 cell

A for when the water bath was set to a 5 K temperature difference.

The same time-development as in LiCoOsy cells are also present for these cells; the
initial response is a decrease in the electric potential, followed by an increase to a
local maximum and a decrease to a steady state plateu value. The initial response,
however, seems to be more pronounced and have a smaller characteristic time (see
Figure C.31) than in the LiCoOy cell. The thermoelectric potential at initial, inter-
mediate and steady state (corresponding to the first minimum, maximum and final
plateu value) are given in table 5.8. A plot of the measured electric potential over
the temperature gradient in the cell is shown in Figure C.39. The high standard
deviation is a result of the change in bias potential during the measurement of 0.5-2
mV.

Cell B had a high initial bias potential of around 20 mV. In addition it was unsta-
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Figure 5.13: A zoom-in on the measurements at the initial time period of the
temperature difference and electric potential of LiFePOy4 cell A for when the

water bath was set to a 5 K temperature difference.

ble and broke after the first measurement. The same general trend was, however,
repeated during the successful measurement of this cell. This is shown in Figure
C.32 in Appendix C. No values could be extracted from this cell due to a change
in bias potential of 4-5 mV during the measurement and the noise of the potential
measurement. Cell A also showed a gradual change in bias potential during the
measurements, although less than the graphite cells. The bias potential of the cell

prior to and after the application of the temperature gradient is shown in Table 5.7.

The electric potential and temperature gradients from each measurement can be
used to calculate the Seebeck coefficient and transported entropy, as for the LiCoOq
cell. The results is shown in Table 5.8. An average value of -4.3 £ 0.6 mV /K was
found for the Seebeck coefficient and 460 + 60 J/K mol for the transported entropy
of Li*. As mentioned for the LiCoOs section, the Seebeck coefficient is typically
found by linear curve fitting of the results of A¢ against AT. More data points are
available for this cell than for the LiCoOq cell. The result of a linear regression is
shown in Figure 5.15. A value for the Seebeck coefficient of -3.7 + 0.8 mV /K was
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Table 5.7: The bias potential of the graphite cells before and after the temper-

ature gradient was applied. The errors are given to two standard deviations.

Temperature gradient applied at arrangement 1.

External temperature Bias potential at constant Bias potential after the
gradient temperature / mV experiment
5 -2.09 + 0.04 -1.52 + 0.05
10 -1.4 £ 0.3 0.0 £ 0.3
12.5 0.2 +0.2 2.0+0.3
15 1.7+ 0.3 2.8+0.6
20 2.7+0.1 52 +0.1
—0-5 T T T T T T T T
—AT=24K

1 L Il Il L

Il

L 1

-5 L
0 500

1000 1500 2000 2500 3000
t/ min

3500 4000 4500

Figure 5.14: Plot of the electric potentials of the LiFePOy4 cell over the temper-
ature differences within the cell (thermoelectric potential) for the 5, 10, 12.5,

15 and 20 K external water bath temperature difference measurement.

found from the fitted curve. This gives a transported entropy of 400 + 80 J/K mol

for Li*. The values found are not significantly different. This curve fitting contains

a bias term of -3.2 + 4.7 mV, which explains the discrepancy between these two

methods. This bias term is not the same as the bias potential of the cell, which has

already been subtracted. Ideally this term should therefore be 0, as there should

be no thermoelectric potential at equilibrium conditions.

The values reported here are competitive with the high values reported by Bonetti
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et al.. These high Seebeck coefficients can suggest that a possible application for

the cells within energy harvesting.

Viswanathan et al. also reported the cell entropy of a LiyFePO4/LixCg cell with
a 1M LiPFg EC/DMC 1:1 electrolyte [9]. At state of charge 0 (x=1 in LiyFePOy
and x=0 in LixCg), the cell entropy change was -10 J/mol K. This gives a heat
effect of 3 kJ/mol. The same method as for the LiCoOg cell can now be used to
estimate the Peltier heat of Cg in this cell. The results are shown in Table 5.8.

Table 5.8: Seebeck coefficients and electrode Peltier heats in LiFePO4 at uniform
electrolyte and at Soret equilibrium. The errors are given to two standard
deviations. €« 1 is found from the relaxation curves. The values of S£i+ are
calculated using S = 15 J K™! mol™ and Spixs = 29 J K™! mol™!. The
Peltier heat of Cg is calculated from the entropy of the LiFePO4/Cg cell of -10
J/mol K (for x=1 in LiyFePO,4 and x=0 in LiyCg) measured by Viswanathan
et al. [9].

AT € €co,1 €co,2 S£i+

/K /mV K1 /mV K1 /mV K1 /3 K1 mol™!
2.4 -1.1 £ 0.2 -1.0 £ 0.2 -4.5+0.2 480 + 20
4.7 -1.1+0.4 -0.8 + 0.4 -4.6 + 0.4 490 + 40
5.7 -1.3+0.4 -1.0 + 0.4 -4.3 +0.4 460 + 40
6.9 -1.4 +£0.2 -0.9 £ 0.2 -4.2 +£0.2 450 + 20
9.2 -1.6 + 0.4 -1.0 + 0.4 -3.9+04 420 + 40
Average -1.3+04 -0.9 £ 0.2 -4.3+£0.6 460 + 60
Single-electrode

Peltier heat

LiFePO4 /kJ mol™! 37+9 26 £+ 6 122 + 12 -

Cs /kJ mol! -34+9 23+ 6 -119 + 12 -

The Peltier heats calculated for Cg by Eq. 3.96 is not the same as that found for
LiCoOs. Indeed the expected Seebeck coefficient of Cg according the Eq. 3.93 and
Table 5.8 is -4.3 mV /K. One possible reason behind this discrepancy is that the
LiCoOg cell showed slower diffusion phenomena than LiFePO4. A possible expla-
nation for this is discussed in the next section.

The stationary state Seebeck coefficient changes with the measurements. With
the exception of the experiment with the internal temperature gradient of 4.7 K,
the absolute value decreases for each consecutive measurement. Two explanations

for this is suggested; the increase in the temperature gradient could decrease the
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Figure 5.15: Plot of the electric potentials of the LiFePOy4 cell against the tem-
perature with fitted curve and 95% confidence (black-dotted line) and prediction
(red-dotted line) intervals.

value of the Seebeck coefficient or the change in the bias potential (as shown in
Table 5.7) can either be the cause itself or indicate structural changes that can
change the value for the transported entropy. The experiments should therefore
be repeated to check the reproducibility of the data, to see whether the Seebeck
coeflicient is highly dependent on the temperature gradient or if there is a change

in the electrode.

5.3.1 Diffusion Coefficients and Heats of Transfer

Because the local maximum in the electric potential occurs faster for these cells
than for the LiCoOq cells, the integral complementary error function term from
Equation 3.86 should be included in the curve fitting. Since the characteristic
times of the two diffusion phenomena are unknown, one function containing these

terms will be fitted in the beginning and another without them at a later time.
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The curve obtained is given in below and the fit is shown in Figure C.37.
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The same curves could be used to describe the behaviour of cell A at the 5 and
10 K experiments. The curve at t>300 has an R2-value of 0.9987. Just as for
the LiCoO; cell, the coefficients are not in agreement with Tyrrell’s theory. Again
this is reasonable as the two phenomena both affect the electric potential at the
same time and are coupled. The curve fitting will be related to the theory through
the characteristic times, but it should be noted that there will be deviations from
Tyrrell’s theory by treating the two coupled phenomena individually. The diffusion

coefficients obtained is shown in Table 5.9.
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Figure 5.16: Shows the plot of the electric potential for the AT = 2.4 K experi-

ment and and the fitted curves.

Estimates for (tl - i—;lg) q;, (tg - ;C—zlg) g5 and the corresponding Soret coefficients
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Table 5.9: Heat of transfer and Soret coefficient data, characteristic times and
corresponding diffusion coefficients obtained from the measurements of LiFePOy4
cells. The errors are given to two standard deviations. *Error could not be

estimated from curve fitting. **Error could not be estimated using error pro-

pogation.

AT (-26)a;  (2-26)a  (0-26)sta (- 2t) s,
/K / kJ mol~! / kJ mol~! / K1 / K1

2.4 4.8 +8 98 + 8 -0.003 + 0.006 0.133 + 0.011
4.7 -9.2 + 16 107 + 16 -0.007 + 0.011 0.14 + 0.02

5.7 -8.6 + 16 101 + 16 -0.006 + 0.011 0.14 + 0.02

6.9 2129 + 8 95+ 8 -0.009 + 0.006 0.13 + 0.011
9.2 -17.5 + 12 76 + 12 -0.012 + 0.008 0.10 + 0.016
Average |-11 + 13 95 + 20 -0.007 = 0.009 0.13 + 0.03

AT 0, 05 D, D,

/ K / min / min / m?s7! / m?s7!

- 12.3* 657 + 2 4.4-10710%x* 8.21 - 10712 + 0.03 - 10712

were found from Equation 5.1, 5.2 and 3.59. The results are shown in Table 5.9.
The values obtained for (t1 - 2L13) g and (r2 — 2t3) g3 for LiCoO and LiFePO,
should be the comparable, as these are values related to the electrolyte and the
same electrolyte is used in both cells. The values obtained are, however, not the
same. Despite being different, the values are of the same signs. For the second
component the values are not significantly different. The deviation in the first dif-
fusion process could be explained by the different characteristic times of the cells.
Since there are several competing forces in the beginning of the experiment and
the magnitude of the electric potential smaller, the relative error in the €. 1 value
estimated is likely larger than for €, 2. This competition can explain the deviation.
The LiFePOy4 cell responds slightly faster than the LiCoO5 cells.

It is interesting to note that while the second diffusion process for the LiFePOy, cell
is comparable to the second diffusion process in the LiCoOs cell, the first is one
order of magnitude faster. The LiFePOy4 cell was in pristine condition prior to the
experiments. The LiCoOg cell had already been used for several experiments of
the thermoelectric potential of shorter duration. Could the LiCoO4 cell have been
damaged in the prior experiment? If so, are the results reliable? Would the be-
haviour of a pristine LiCoQOg cell be more consistent with that shown by LiFePOy4?
Could the diffusion processes be related to the electrode surface, or could evapora-
tion or crystallization of one component of the electrolyte explain this? Both the

LiCoOs and LiFePO,4 measurements should be repeated by new cells to check the
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reproducibility of these results.
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5.4 Peltier Heats from Literature Data

Literature data on Peltier heats relevant to lithium ion batteries are scarce. Kuzmin-
skii et al., Hudak et al. and Black et al. are among the few contributing with this
research [5, 16, 17]. The literature is characterized with short experiments with
rapid changes in the temperature gradient applied. Initial thermoelectric potential
measurements for aqueous-solution described by Agar included experimental set-
ups for which prohibited diffusion phenomena [4]. This has not been considered in
these studies. Experimental details are not comprehensive; cell dimensions are not
given, thermal diffusivity is not considered and the sign convention is not consis-
tent. In the experiments in this thesis, the system was allowed to obtain a steady
state and the electric potential was recorded continuously. When measurements
are done to obtain the initial thermoelectric potential and done within minutes,

thermal diffusivity will be important to consider.

Kuzminskii et al. reported results of the same measurement with both positive
and negative sign [5]. Hudak et al. and Black et al. both reported positive initial
thermal powers [16, 17]. The results in this thesis indicates a large and positive
S£i+ which, depending on the value of the contribution from the electrode, electrode
surface and Soret effect, will give a negative Seebeck coefficient. The measurements
are done on cathode materials. Local reversible cooling is reported for the LiCoOs9
cathode during charging [9], when it is acting as an anode. The sign convention
used in this thesis is in agreement with this [25]. The Peltier heat of an anode
material, for instance graphite, should not change with the change in the cathode
material. If the sign convention used by Hudak et al. and Black et al. was valid,
this would lead to a higher total reversible heat effect than reported in literature.
When the results from Kuzminskii et al., Hudak et al. and Black et al. is analyzed

here, the same value will be used, but with a negative sign.

Hudak et al. investigated the response in emf when a temperature gradient was
applied for around 3 minutes at a time to thermoelectric cells with Li,TiSs or
Lix V202 electrodes and LiPFg/EC/DMC (dimethyl carbonate) electrolyte [16].
The temperature was monitored at the electrodes and the potential was measured
after the temperature gradient had been set for one minute. Only the tempera-
ture of the hot electrode was changed. The temperature gradient was applied more
rapidly than with the experimental set-up used for the measurements in this thesis.
They reported the initial response for their system. The values measured by Hudak

et al. can be analyzed using the theory in Chapter 3. They reported an initial ther-
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moelectric potential with a value of 0.6-1.4 mV /K for the Li,TiSs thermoelectric
cell and 0.6-1.05 mV /K for Lix V202 with various lithiated states x=0-0.8. These
results are interpreted here as -0.6-1.4 and -0.6-1.05 mV /K respecitvely. Both cells
had an electrolyte consisting of 1M LiPFg and 50:50 mixture of EC and DEC by
volume [16]. This gives an initial Peltier heat for the electrode surroundings of
17.3-40.3 kJ/mol. Some deviation will be expected when comparing this to the
cells investigated in this thesis, as the electrolyte used here is a 50:50 mixture of
EC and DEC by mass. S} for Li,TiSs is in the range 0-2.5 J/K mol [46], while no
value has been reported for Li,V5Os.

Since no stationary state was reached, it is not possible to calculate Sii+ directly
from the results of Hudak et al. (or Black et al.). The contribution from dif-
fusion processes can be estimated, however, using values for (t1 - ;—;lg) q; and
(tg - j—gtg) g5 obtained from the LiCoOz measurements and LiFePO4 measure-
ments. The deviation between the electrolyte used in this thesis and the one used
by Hudak et al. will be neglected in the estimation. The estimates are shown in
Table 5.10.

Table 5.10: Values of iy and SE1+ for the LiyTiSy cell calculated using heat
transfer data from the LiCoO4 and LiFePO4 measurements, S; =2 J K~! mol™!
and Stixs) = 29 J K~! mol™!.

LiCoO, LiFePOy

ns (LixTiS2) St (LixTiSy) ns (LixTiS2) S*.+ (LixTiS2)

x / mV K! / J K mol™! / mV K™} / J K mol™!
0.0 -2.3 %26 250 + 250 3.3 x4 350 = 390
0.2 -3.1 2.7 330 + 260 3.9+ 4 410 = 390
0.4 -3.0 £ 2.6 310 + 250 4.4+4 460 = 390
0.6 -2.9 %26 310 = 250 3.8 4 400 = 390
0.8 2.8 +2.6 300 = 250 -3.8 4 400 = 390

The uncertainty reported for the results by Hudak and Amatucci combined with
the uncertainty of the heat of transfer estimates means that no value can be es-
timated for the steady state Seebeck coefficient or for the transported entropy of
Li* from these results. Making more accurate estimates on the value of 7.+ with
the results by Hudak et al. is not possible without better estimates of the ¢*’s
of the system. At the time of the initial thermoelectric potential measurement,
contributions from diffusion processes within the electrolyte already contributing

to the electric potential. If the cells investigated by Hudak et al. have the same
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time-dependent behaviour as the LiCoOs and LiFePQy4 cells investigated in this
thesis, the number reported will be underestimated because of the competing con-

tributions in the initial time period.

Neither Hudak et al. or Black et al. stated the characteristic times of the ther-
mal diffusion processes of system. If the characteristic time of the system is close
to that of the electrolyte in the LiFePOy cell, thermal diffusion may already be
influencing the potential. If it is closer to the response of the LiCoOq cell, the
initial response might not have been established. The electrolyte-wetted separator
in Li-ion batteries has a low thermal conductivity [47]. This will give the cells a
low thermal diffusivity (depending on the heat capacity of the specific system) and
calls into question whether the temperature gradient has properly been established
within the cell at the time of their measurements. If this is the case, a temperature
gradient could also be present within the cell at the time between the measure-
ments. Could the large change in bias potential observed by both Hudak emphet
al. and Black et al. be a delayed thermal diffusion effect?

The same problem with thermal diffusivity and the response of the system is re-
peated in the literature. This is evident in the measurements by Kobayashi et al.,
where thermal waves on the time-scale of seconds were used [18]. The value re-
ported for thermoelectric coin cells by Kobayashi et al. cannot be considered the
Seebeck coefficient, as the system would have no time to instil the temperature

gradient.

Kuzminskii et al. investigated a similar set-up as Hudak et al. with a LiBFy
in y-butyrolactone electrolyte [5]. Different lithiated states of the electrode were
investigated. The same theory can be used to study the cells in this thesis, with the
simplification of a binary electrolyte instead of a ternary electrolyte. The temper-
ature difference between the two electrodes was set to 60 K. Again only the initial
thermoelectric potential was investigated. Values from -0.65 mV /K to -4.62 mV /K
were reported. This gives an initial Peltier heat for the electrode surroundings of
19-133 kJ/mol. No uncertainties were given. The time at which this initial value

was measured is not stated, neither is the method of temperature measurement.

The results by Kuzminskii et al. indicates that (if the Soret effect is neglected
for a rapid charge-discharge cycle) the local heat effects around the Li,TiSo elec-
trode would change drastically during the charging process. The stationary state
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expression is the same. The initial expression will in this case be:
1o %
€ = 7 Se = S+ * SLixs) — tl?) (5.3)

The different values measured by Kuzminskii et al. and Hudak et al. are given
in Figure 5.17. The results reported by Hudak et al. and Kuzminskii et al. both
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Figure 5.17: The values reported for the initial thermoelectric potential of
LixTiSo thermocells with a LiBF4/y-butyrolactone (50:50 mol%) electrolyte by
Kuzminskii et al. [5] and LixTiSo thermocells with LiPFg, EC/DMC (50:50
vol%) electrolyte by Hudak et al. [16]. The error bars are given to two standard
deviations as given by Hudak et al.. No error estimation was given by Kuzmin-
skii et al.. The values by Hudak et al. were reported with a positve sign, while
Kuzminskii et al. reported the values with both positve and negative sign. The

measurements are interpreted here to have a negative sign.

show a variation in the Peltier heat at the electrode for different states of charge.

Further work should therefore include looking at cells at different lithiated states.

The discrepancy between the trends reported by Hudak et al. and Kuzminskii
et al. can be a result of the different electrolyte used. However, it must be pointed
out that the lack of experimental details and uncertainties from Kuzminskii et al.
and the timing of the measurement by Hudak et al. makes comparisons between
the two results difficult. The two systems will have different thermal diffusivities.
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It is also very unclear whether Hudak and Amatucci had established a temperature
gradient within the cell and therefore whether they reported the ”correct” initial

thermoelectric potential.

The difference in the values measured by Kuzminskii et al. for different lithi-
ated states is to great to come solely from St,i(x,s), though it will contribute. Since
the electrolyte concentration is the same, ¢g* will be the same and will therefore
not be the source of the large difference. The contribution to the thermoelectric
potential from S for LixTiSy is small (see Table C.1). This leaves Sy ... Is this
then another indication that S*

Lit
and not just the composition of the electrolyte? These results indicates that the

is influenced by the composition of the electrode,
transition from the electrode to the electrolyte determines the value of S£i+.

Black et al. investigated a cell with two lithium metal electrodes in a 1M LiClOy4
and 1:1 EC/DEC electrolyte [17]. They also measured the thermoelectric poten-
tial of cells with one lithium metal electrode and a Lis 5Fe(CN)g electrode. The
time-scales of the measurements used was the same as Hudak et al.. The Li cell
was measured to have a Seebeck coeflicient of 1.0 mV /K, which will be interpreted
here as -1.0 mV/K. This gives a Peltier heat of 29 kJ/mol. It was pointed out
by Black et al. that the Seebeck coefficient of this electrode. Viswanathan et al.
measured the entropy change in electrodes using a lithium counter electrode, using
the argument that the entropy change in the metal due to the cell reaction is neg-
ligible. The value reported by Black et al. clearly shows that though the entropy
change is small, the local reversible heat effect around the electrode is not negli-
gible. From the initial Peltier heat of Li, the initial Peltier heat of other cathodes
and anodes can be estimated from the entropy changes reported by Viswanathan et

al. with a Li-counter electrode using Eq. 3.96. The results are shown in Table 5.11.

Table 5.11: Initial Peltier heats and Seebeck coefficients for various electrodes
calculated from the Peltier heat of the Li metal electrode reported by Black et
al. and the entropy change reported by Viswanathan et al. for the electrode

materials against a counter electrode of Li-metal [9, 17].

Electrode material | Entropy change Peltier heat Initial Seebeck coefficient
J K71 mol! kJ mol~1 mV K!

LiFePOgy4 -36 40.0 -1.4

LiCoO2 -40 40.7 -1.4

LiMnOg -20 34.7 -1.2

Ce -60 -46.7 -1.6
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The estimated initial Peltier heat and Seebeck coefficient for LiFePO, is in good
agreement with the results from the LiFePOy, cell in pristine condition. This gives
further motivation to repeat the LiCoO2 experiment with a pristine cell and to
measure the thermoelectric potential of cells with LiMnOs electrodes. Viswanathan
et al. reported the entropy change of the at different lithiated states. The same

analysis can therefore also be performed on cells with different lithiated states.
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5.5 Further Work

The results in this thesis show that contribution from thermal diffusion on these
systems is significant. Future investigations on these cells as thermoelectric cells

should therefore also allow the system to reach a steady state.

To gain a better understanding of the system, simulations can be used to deter-
mine the relative diffusion times of the components of the electrolyte. Estimates
for 2 and t3 must be found to estimate gj and g3, which can be used to estimate
g5 through Equation 3.29. Simulations to understand the electrolyte structure can
contribute to insight into the concept of transported entropy of ions for non-aqueous

solutions.

To increase the number of data points and improve the statistics, the experiment
with LiCoOs and LiFePQy4 electrodes should be repeated with new cells.

Future studies might include different electrolytes and more electrode materials.
Investigating the same cells at different states of charge of the electrodes will give
a more accurate picture of the evolution of the Peltier heat at the electrode during
the charging processes, as the Peltier heat is likely to change with both time and
the lithiated state (seen in the results by Hudak et al. and Kuzminskii et al. [16, 5])
and the charging/discharging process involves a change in lithiated state over time.
Investigating more Li-ion battery cathode materials such as LiMnyO4 and LiNiPOy
can give more insight into how similar their behaviour are under the influence of a
thermal gradient and expand on the knowledge of how S7 .+ changes with different
electrodes. As mentioned previously, already cycled graphite electrodes might be a
possible way to investigate the graphite electrode to give results relevant to Li-ion

batteries.

Reducing or increasing the number of carbonates in the electrolyte can give in-
formation on the thermal diffusion of multi-component systems. It can also be a
way to obtain better estimates of heats of transfer. Studying the same electrode
materials with different electrolytes will also give a better understanding of S* o+

for these systems.

Different pore sizes of the inert separator or different materials as separator might
give better insight into the dependence on thermal diffusion, heat of transfer and

the Seebeck coefficient on the pore size. Ion exchange membranes as electrolyte
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and separator can give an interesting study where thermal diffusion is limited to

the non-aqueous solution, excluding the salt flux.

Going beyond lithium-ions to electrode materials with sodium ions is also a pos-
sibility. In comparison to lithium, sodium resources are vast and a thermoelectric

cell with sodium ions might be more sustainable.
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Chapter 6

Conclusion

The thermoelectric potential of cells with a ternary electrolyte relevant to lithium-
ion batteries consisting of lithium hexafluorophosphate (LiPFg), ethylene carbonate
and diethyl carbonate has been investigated for three different cells with lithium
cobalt oxide (LiCoOs), graphite (Cg) and lithium iron phosphate (LiFePOy) elec-
trodes using experimental measurements and the theory of non-equilibrium ther-

modynamics.

The time-development of the thermoelectric potential of LiCoO2 indicated several
diffusion phenomena of different characteristic times occurring during the measure-
ment. It took several days to reach a steady state. Seebeck coefficients of -1.5-3.4
mV /K was obtained. Initial thermoelectric potentials of -2.5-3.5 mV/K was es-
timated. To further investigate the complex initial time-period, the experiment
should be repeated using a more rapid method of thermostatting the cell. The
transported entropy of Li* in the cell was estimated to 200 + 20 J/K mol. The
Peltier heat of the electrode changed during the time-evolution of the measurement.
An initial value of 84 + 9 kJ/mol indicate large local reversible heat effects at the
LiCoOg electrode in an during charging and discharging of a battery. A final value
of 51 + 6 kJ/mol was obtained. Estimates for the heat of transfer and Soret coef-

ficients and diffusion coefficients for the electrolyte in the separator were also found.

The graphite thermoelectric cells showed both high and intermediate thermoelec-
tric potentials. However, changes in the bias potentials and Seebeck coefficients
indicated irreversible changes occurring inside the cells during the measurements,
contributing to the potential. This inconsistency could indicate that structural
changes occurred in the cell during and between the measurement. No common
value for SI*:i+ could be obtained. This in combination with the lack of consistent
behaviour of the cells means that the cells cannot be used in practical applications
and the calculated Peltier heats cannot be used to determine the thermal profile of
a lithium-ion battery. To obtain accurate results relevant to lithium ion batteries,
the experiment should be repeated using cells with electrodes with well-established
SEI layers.

71
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The time-development of the thermoelectric potential of LiFePO,4 showed the same
general behaviour as LiCoO2, but the first diffusion process was on a considerably
faster time scale. High Seebeck coefficients of -3.9-4.7 mV /K was observed exper-
imentally and a value of -3.7 £ 0.8 mV/K found from the regression line. Initial
thermoelectric potentials of -1.0-1.2 mV /K was measured. The Peltier heat changed
from 37 £ 9 to 26 + 6 and reached a final value of 122 + 12 kJ/mol. An average
value of S ., was 460 + 60 J /K mol from the experimental data and 400 + 80 from
the Seebeck coefficient found from the regression line. As for the LiCoOq cell, es-
timates for the heat of transfer, Soret coefficients and diffusion coefficients for the
electrolyte in the separator were also found. Though these are values related to the
electrolyte, the value for the first diffusion process are significantly different for the
two cells. This discrepancy is explained by the higher uncertainty related to the
estimation of the first diffusion process due to the opposing processes occurring at

the same time.

It is possible that the large discrepancy between the LiCoOy and LiFePQOy is due
to the used condition of the LiCoOs and the pristine condition of the LiFePOy4
cells. The measurements should therefore be repeated to investigate this and to

check the reproducibility of the results.

Local heat effects have not previously been included in thermal modeling of these
batteries. The results given in this thesis indicates that local heat effects should
be included in a description of the cells. The Peltier heats found at both the
LiCoO3 and LiFePOy4 indicates large local heat effects occur around the electrodes
in lithium ion batteries, and consequently also at the anode materials. This gives

further motivation to continue investigating Peltier heats for these materials.

Hudak et al., Kuzminskii et al. and Black et al. investigated the Seebeck ef-
fect in cells relevant to lithium-ion batteries and the possibility of using these cells
as thermoelectric cells. In agreement with the results in this thesis, these studies
indicates large local reversible heat effects around the electrode surfaces. The sys-
tems were not allowed to reach a Soret equilibrium. The results in this thesis shows
clearly that the effects from thermal diffusion is substantial for these systems. Fu-

ture studies should therefore allow the system to reach a steady state.

As the Peltier heat change with time it is clear that the charging time of Li-ion
batteries is of importance for the local heating at the electrodes. The results by
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Hudak et al. and Kuzminskii et al. strongly indicate that the Peltier heat is depen-
dent on the lithiated state of the electrodes. To get a more accurate temperature
profile in a battery during a charge-discharge cycle, the Peltier heat at different
lithiated states should be investigated.

The differences in the Seebeck coefficient between the cells, and therefore also the
values for 7., estimated, suggest that the transported entropy of the ion involved
in the reversible electrode reaction could be a property associated with the elec-
trode surface. This gives new insight into the concept of the transported entropy

which should be explored further.
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Chapter 7

List of Symbols and Abbrevi-

ations

Table 1 - Greek symbols

Symbol Dimension Explanation
Vi - Activity coefficient of component %
Ay - Difference from % to j
€ VvV K1 Thermoelectric power
ns VKt Seebeck coefficient
0 min~! Characteristic time
K JstKtm™2 Thermal conductivity
A Js P K™ m2 Stationary state thermal conductivity
Ui J mol! chemical potential of component 7
b J mol™! Peltier coefficient, Peltier heat
) - Product of elements 1 to n
0 kg m™3 Density
o JsTKtm3 Entropy production
" - Sum of elements 1 to n
7 J K™! mol™! Thomson coefficient of component ¢
T K Temperature difference
¢ A% Electric potential
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82 Chapter 7. List of Symbols and Abbreviations
Table 2 - Latin symbols
Symbol Dimension Explanation
ci mol dm™3 concentration of component 7
D; m? s7! Diffusion coefficient of component
D; m? s~ Thermal diffusion coefficient of component 4
e C unit charge of a proton
F C mol ! Faraday’s constant
h m Diffusion path length
Jq Jm? 57! Total heat flux
Jq Jm?s7! Measurable heat flux
J; mol m? s7! Mass flux of component 4
j A m2 Current density
L;; - Main coefficient
Ly; - Coupling constant between 7 and j
Ly - Phenomenological coefficient for coupling of fluxes
n - Number of electrons involved in electrode reaction
p Pa Pressure
orev J mol™! Total reversible heat effect
q* J mol™! Measurable heat of transfer
R J K™ mol! Gas constant
S J K~! mol™! Entropy
S* J K=! mol! Transported entropy
Si J K1 mol™! Partial specific entropy of component i
ST - Soret coefficient
T K Temperature
t S Time
t; - Transference coefficient for component i
v m3 mol ™! specific volume
w - Multiplicity
X; - General symbol for driving force
X5 - Molar fraction of component 7
- Amount of Li in electrode
m Dimension
Zi - Number of charges on component %




Table 3 - Abbreviations

83

Abbreviation Explanation

DEC Diethyl carbonate

DMC Dimethyl carbonate

EC Ethyl carbonate

SEI Solid electrolyte interphase

PET Polyester polyethylene terephtalate
PE Polyethylene

emf

electromotive force




Appendix A

Statistics

The standard deviation of a sample s given by:

T (xi - %)?
=== Al
s N1 (A1)
Where x1, x9, ...., xny are the individual values making up the sample and x is the

mean.

If the variables of a function f(x, y, ...) are assumed to be independent, the standard
deviation of the function can be approximated using Gauss’ error propagation:

P 2 g 2
s = (L) -+ (2] a2)

where s, is the standard deviation of the variable x.

Stirling’s approximation is given by [23]:

Inn! =nlnn-n (A.3)
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Appendix B

Thermal Profile from Fourier’s

Law

The cell dimensions and thermal conductivity data used to determine the the tem-

perature gradient present inside the cell is given in Table B.1.

Table B.1: Thickness and thermal conductivity of cell materials as measured by
Richter et Al. [7].

Part of the cell Thickness Thermal conductivity
/107%m /WK 'm™!

Al current collector 0.014 237 [48]

Cu end plates and current collectors 2.000 401 [48]

Cell house wall 0.132 0.25 [1]

Cg electrode 0.030 1.11 [47]

LiCoO3 electrode (LCO) 0.030 1.03 [47]

LiFePQOy4 electrode (LCO) 0.030 0.32 [47]
Electrolyte-soaked separator 1.787 0.19 [47]

According to Fourier’s law, which can be assumed valid for the cell at stationary
state, the measurable heat flux through the copper plats and the cell is given by:

J = T, - T (B 1)
q 2xcM + QXPCH + QM + 2cho Xseparator :
/lCu AP /lAl /lLCO /lseparutor

Where Tj, and T; is the hot and cold temperature measured by the thermocouples
outside the copper plates. By using this equation, an internal temperature gradient
of 89% of the external gradient was predicted. The temperature profile in this case

is shown in Figure B.1.

However, the calibration measurement used indicated that only 71% of the external
temperature gradient is present in the cell. When an air gap resistance is added
between the copper plates and the cell housing, the measurable heat flux is then

found from the following equation:

’ Th —T,
Jq - QL + 2xCu + ZXPCH + 2M + 2cho Xseparator (B2>
hair Acu ApCcH Aal AL.co Aseparator
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iv Appendix B. Thermal Profile from Fourier’s Law

Pouch cell
CU housing Pouch Ce" cu
plate Al o LCOAl housing plrte
<
~
3 4 5 6
L [mm)]

Figure B.1: The theoretical thermal profile of the LiCoO4 symmetric cell includ-
ing the cell dimensions, calculated using Fourier’s law and thermal conductivity
data. Heat losses to the surroundings is not taken into account in this calcula-

tion.

Where hg; is the heat transfer coefficient between the copper plates and the cell
housing. The heat transfer coefficient of the air gap can be found from J;. How-
ever, J; must be found using the heat transfer coefficient. By using experimental
temperature measurements, the heat transfer coefficient and J; was calculated it-

eratively. The result is shown below.



Pouch cell
Cu housing Pouch cell Cu

plate Al
Air gap LCO LC

Ihousing

A
0 Air gap

plrte

T [K]

0 1 2 3 4 5 6
L [mm)]

Figure B.2: The stationary state temperature profile measured by thermocou-
ples inside a pouch cell. The loss due to air gap resistance is calculated using an
iteratively estimated heat transfer coefficient. In this graph it is assumed ther-
mostatted electrodes, that approximately the same air gap resistance is present
on both sides of the cell and that the heat conduction between the cell materials

is follow Fourier’s law.
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Appendix C

Thermoelectric Potential Data

The plots of the measured electric potential and temperature gradients from the
thermoelectric potential measurements of the LiCoOs, Cg and LiFePOy4 cells are
given in this appendix. The values used in the treatment of the data is found in
Table C.1.

Table C.1: Table of transported entropies of charge carriers in electrodes and stan-
dard entropy of compounds found in literature. *At x in Li,CoQOs >0.94 **At
300-550C° ***At 150-250C°.

Electrode material S:_

/ J K1 mol!
Lithium Cobalt Oxide, LiCoOx2 10* [49]
Graphite, Cg -2%* [45]
Lithium Iron Phosphate, LiFePOy4 15%** [50]

Lithium Titanium disulfide, Lig.13TiS2 | 2.5 [46]
Lithium Titanium disulfide, Lig 26 TiS2 | 2.4 [46]
Lithium Titanium disulfide, Lig 61 TiS2 | 0.4 [46]
Lithium Titanium disulfide, Lig.goTiS2 | 0 [46]

Compound N
/ J K~! mol™!
Lithium, Li 29 [48]
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C.1 LiCoOs; Measurements
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Figure C.1: The internal temperature difference and electric potential of LiCoO4

cell A when the water bath temperature difference was set to 5 K.
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Figure C.2: The plot shows the internal temperature difference and electric

potential of LiCoOg cell A when the water bath temperature difference was set
to 10 K.
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Figure C.3: A zoom-in on the measurements at the initial time-period of the

LiCoOs Cell A when the water bath temperature difference was set to 10 K.
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Figure C.4: The plot shows the internal temperature difference and electric

potential of LiCoOs cell B when the water bath temperature difference was set

to 5 K.
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Figure C.5: The plot shows the internal temperature difference and electric

potential of LiCoOs cell B when the water bath temperature difference was set
to 10 K.

(511
T
L

(=]

A¢p!/ mV, AT/ K
&

—
o

0 0.5 1 1.5 2 2.5 3
t / min %104

Figure C.6: The internal temperature difference and electric potential of LiCoO4
cell A when the water bath temperature gradient was set to 15 K.
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Figure C.7: The electric potential measurement of LiCoOq cell A, B and C when

the water bath temperature difference was set to 10 K.
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Figure C.8: The thermoelectric potential of LiCoOs cell A.
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Figure C.9: Shows the plot of the electric potential measurement at an internal
temperature difference of 5.7 K and the fitted curve.
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Figure C.10: Shows the plot of the electric potential measurement at an internal

temperature difference of 7.8 K and the fitted curve.
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C.2 C(Cg Measurements
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Figure C.11: The temperature difference and electric potential of Cg cell A

when the water bath temperature difference was set to 5 K.
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Figure C.12: The temperature difference and electric potential of Cg cell B when

the water bath temperature difference was set to 5 K.
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Figure C.13: The temperature difference and electric potential of Cg cell C when
the water bath temperature difference was set to 5 K.
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Figure C.14: The temperature difference and electric potential of Cg cell A of
the first experiment when the water bath temperature difference was set to 10
K. The thermostatting was disturbed during the measurement.
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Figure C.15: The temperature difference and electric potential of Cg cell B of
the first experiment when the water bath temperature difference was set to 10

K. The thermostatting was disturbed during the measurement.
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Figure C.16: The temperature gradient and electric potential of Cg cell C of
the first experiment when the water bath temperature gradient was set to 10
K. The thermostatting was disturbed during the measurement.
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Figure C.17: The temperature difference and potential of Cg cell A of the second
experiment when the water bath temperature difference was set to 10 K.
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Figure C.18: The temperature difference and electric potential of Cg cell B of
the second experiment when the water bath temperature gradient was set to 10
K.
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Figure C.19: The temperature difference and electric potential of Cg cell C of

the second experiment when the water bath temperature difference was set to
10 K.
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Figure C.20: The temperature difference and potential of Cg cell A of the first
experiment when the water bath temperature difference was set to 15 K.
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Figure C.21: The temperature difference and electric potential of Cg cell B of

the first experiment when the water bath temperature difference was set to 15
K.
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Figure C.22: The temperature difference and electric potential of Cg cell C of

the first experiment when the water bath temperature difference was set to 15
K.
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Figure C.23: The temperature difference and electric potential of Cg cell A of
the second experiment when the water bath temperature difference was set to
15 K.
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Figure C.24: The temperature difference and electric potential of Cg cell B of
the second experiment when the water bath temperature difference was set to
15 K.
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Figure C.25: The temperature difference and electric potential of Cg cell B of

the second experiment when the water bath temperature difference was set to
15 K.
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Figure C.26: Plot of the thermoelectric potential of Cg cell A for when the
water bath was set to a 5, 10 and 15K temperature difference for arrangement

1. The bias potential changed during the measurement and this change is not
accounted for in this figure.
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Figure C.27: Plot of the thermoelectric potential of Cg cell B for when the
water bath was set to a 5, 10 and 15K temperature difference for arrangement
1. The bias potential changed during the measurement and this change is not
accounted for in this figure.
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Figure C.28: Plot of the thermoelectric potential of Cg cell C for when the
water bath was set to a 5, 10 and 15K temperature difference for arrangement

1. The bias potential changed during the measurement and this change is not

accounted for in this figure.
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Figure C.29: Plot of the thermoelectric potential of Cg cell A, B and C for
when the water bath was 15K temperature difference for arrangement 2. The

bias potential changed during the measurement and this change is not accounted
for in this figure.
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C.3 LiFePO, Measurements
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Figure C.30: The temperature gradient and electric potential of LiFePO,4 cell
A for when the water bath was set to a 5 K temperature difference.
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Figure C.31: A zoom-in on the measurements at the initial time period of the
temperature difference and electric potential of LiFePOy4 cell A for when the

water bath was set to a 5 K temperature difference.
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Figure C.32: The temperature gradient and electric potential of LiFePOy cell
B for when the water bath was set to a 5 K temperature difference.

A¢/mV, AT/ K

95 L L L L L
0 2000 4000 6000 8000 10000

t / min

Figure C.33: The temperature difference and electric potential of LiFePOy cell
A for when the water bath was set to a 10 K temperature difference.
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Figure C.34: The temperature difference and electric potential of LiFePO4 cell

A for when the water bath was set to a 12.5 K temperature difference.
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Figure C.35: The temperature difference and electric potential of LiFePOy4 cell

A for when the water bath was set to a 15 K temperature difference.
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Figure C.36: The temperature difference and electric potential of LiFePO, cell
A for when the water bath was set to a 20 K temperature difference.
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Figure C.37: Shows the plot of the thermoelectric potential for the AT = 2.4 K
experiment and and the fitted curves.
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Figure C.38: Shows the plot of the thermoelectric potential for the AT = 4.7 K
experiment and and the fitted curves.
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Figure C.39: Plot of the electric potentials of the LiFePO,4 cell over the tem-
perature difference within the cell (thermoelectric potential) for the 5, 10, 12.5,
15 and 20 K external water bath temperature difference measurement.
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Appendix D

Time Evolution of Multi-Compone

Diffusion

The time development of thermal diffusion phenomena of binary mixtures have
been addressed by de Groot, Bierlein and Tyrrell [15, 36, 37]. However, a simi-
lar theory for thermal diffusion in ternary mixtures has not been developed. The
derivation of the time evolution of the concentration gradients must first be found,
as it appears in the expression for the electric potential (see Equation 3.33). The

change in composition of a ternary solution with time is derived here.

Gibbs-Duhems equation applies:
I p)
dus = ——du — —duo (D.1)
z3 ]

The mass flux of component 1 and 2 for a ternary mixture is then given as:

g = e 0Tl mhs)dmr (o 22 l2s) Okt
! T2 0x T 23T Ox T 23T Ox
:_h_qa_T_ iy 7 hLa)our  (La 5 l23) duar
T2 0x T 1-z;-22 T Ox T 1-z-20T Ox
(D.2)
__lq 0T (I aalas) Opar (1o 23 la) Opar
2 T2 Ox T a3 T ) Ox T a3 T ) 0Ox
:_ZQ_qa_T_ I 71 log) Opir  (laa o a3\ dpar
T2 0x T 1-z1-2 T Ox T 1-z1-2 T Ox
(D.3)

This shows that the problem is given in a one-dimensional case. The flux equations

can be rewritten using the approximation

ou;ir _RT ox;
ax T 0x

(D.4)

XXix
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The following diffusion coefficients can then be defined:

D' _ [ Jl ] _ lllxl
' (dc;i/ox) dptj =0 R

’ ‘Il llq
bi=- [ <6T/ax>]dq=o " ar? (D:5)
Y (dcj/dx) (Bcizj 10x)=0 R

For electrolyte solutions this expression must be adapted for salts to account for the
number of ions (see Eq. 3.31). This approximation will from now on be assumed

valid. The mass flux equations can now be expressed as:

D! T 7 0z T2 0mp
h=-—"22 D -—2  Di5| 2 - [Ds-—2Dys| =2
! c1 0x ( 179z T1 — T 1’3) ox L2= a9z Tl — T 23] x
D oT 1 cl dcy 1 Cco Jdco
=——1———(D1——D,)——— D1 ———Ds3| —
c1 0x p Ctot — C1 — C9 ox p Ciot — C1 — C2 ox
.6)
_ Dyor z dr To dm2
2= co 0x 21 1-—21 — 29 3] ox 2 1-21 — 29 31 ox
Dy oT 1 0 1 0
:__1___(Dm_f_lDLg)g__(Dg_c_zDz )ﬂ
c1 0x p Ctot — C1 — €2 ox p Ctot — C1 — C9 ox
(D.7)

From now on the derivation will follow the assumptions made in Bierlein’s similar
derivation for the time dependence of binary solutions [36]; the temperature gra-
dient and diffusion coefficients are assumed to be a constant. This is not strictly
true. As seen in section 3.1, the temperature gradient will not be entirely constant
for this system. However it is reasonable to assume that the deviation from a
linear temperature profile is small and thus the assumption will be used for this
derivation. The diffusion coefficients will vary both with the temperature and the
composition. However for small changes in temperature and composition this vari-
ation is negligible. Thus the following will only be valid for small temperature

gradients and small changes in composition.
The change in concentration with time is related to the flux equations:

0 _ _da
dx Ot
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This gives the following changes to composition with time gives the following set
of equations:

dcy (__) gy (D1 — Dy3/(Ctor — €1 — 62)) e (D1,3 l) 9%cy

o Ox Je 0x2 p c1) 0x2
Dy 33\ dcg Oy N D12 — Do 3/(ctor — c1 — €2) | 0%co _ [ D23sc2 | dey dey
p c? dx dx o 0x2 c? Ox Ox
D 6262
x?
(D.9)
062 _I 602 D2,1 — D1,3/(ctor — 1 — €2) | 0%y kRS d%cy
ez h 0 0x2 p c1] 0x2
Dy 3 Ocg Ocy N Dy — D3 3/(cror — 1 — c2)\ 0%c2 [ D23c2\ der dcy
o g 0x 0x P 0x2 c? 0x Ox
D 82C2
ey | Ox2
(D.10)

Where 7 is the temperature difference over the cell and #h is the diffusion path
length. The initial conditions are:

lim = D.11
tl C1 C1,0 ( )
limes = ¢ D.12
tl 2 2,0 ( )

At the electrodes there is no mass flux. Therefore the boundary conditions given
at the electrode interfaces:

6 (36‘1
I = lim 2L = D.1
x50 B xoh Ot 0 (D-13)
lim 92 = 1im 22 _ g (D.14)

x—0 Ot x—h al‘

These are homogeneous Neumann boundary conditions [51], where the boundary
is given for the electrode surfaces. It is reasonable to assume that the cross terms
with %‘1 % will be small. D; can be assumed to be the dominating term for the
diffusion terms, as D; > D;; because in most cases l;; > [;;. It can be seen from
the definition of D;; that when the approximation /;; = 0 is made, the problem
reduces to two independent partial differential equations, i.e. there is no coupling
between the mass fluxes. The change in composition of one component with time is
then independent of the other, and hence the approximation done in Section 5.1.1

is valid. The derivation then follow the steps of Bierlein’s work, simply done for
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two independent equations [36].

D! 8

A = = AT 2001 = m0) [1= = exp(=t/0)| (D.15)
D1 T
Dy, 8

Axy = —_ATCL'Q’()(]. - 1'2’0) []. - exp(—t/Og)] (D].G)
D2 T

where z; ¢ is the composition expressed with molar fractions at time 0. This can

then be inserted into equation 3.33 for the electric potential:

n t1RT D [ 8 ]
Ap(t) = ——=AT + —AT 1- 1-— —t/60
o0 ="7F Fay Dy ol = a1,0) n? exp(=1/61)
19RT D), [ 8 ]
+ —2AT20(1 - 1 - — exp(~1/6 D.1
F15 Ds 22,0(1 — 22,0) = exp(—t/62) (D.17)



Appendix E

Entropy of Intercalation

The lattice model is a theoretical model used in statistical mechanics to treat a
simple system using statistics. The molecules in the system is treated as a hard
sphere and are distributed on a lattice [23]. Each sphere can only occupy one lat-
tice point. A lattice point may or may not be occupied. The “crude treatment”
of lattices for use in lattice models described by Guggenheim will be used in this
section [52]. In this treatment all interaction between the atoms are neglected and
a completely random distribution is used, meaning that there is no long or short
range order. Each distribution of molecules in the lattice is considered equally
probable, and thermodynamic properties can be found using the multiplicity of the

different compositions of the lattice [23, 52].

The entropy of the LiCoO2, LiFePO,4 and Cg electrodes will depend on the amount
of intercalated lithium. In other words, it will depend on the state of charge of
the electrodes. In literature the electrode material is referred to as the host lattice
[29, 30]. Since the entropy is a state function, the entropy of the electrode is only
dependent on the amount of intercalated Li and (if diffusion between layers and
channels is not possible) position in the lattice and not on the order of intercala-
tion. Therefore it does not matter for the value of the entropy of the Li atoms is
added to the host lattice one by one or if the total amount if Li is added at once,
if at the end the lattice is the same, the result is the same. Therefore it can be re-
garded as the result of two lattices; one Li lattice and one host lattice, in which the
total entropy of calculated for the combined structure. However, for the purposes
of this thesis, only the entropy of Li intercalated in the electrode is sought, and
not the entropy of the electrode as a whole. This will be interpreted as the Li lattice.

In LiCoO4, Cg and other intercalation electrodes lithium is inserted into two-
dimensional layers. In the literature, the multiplicity of the system is treated for
the whole lattice, not layer by layer. This means that the intercalation is treated
as if totally independent on the number of Li atoms already present in the differ-
ent layers. In addition the entire lattice of Li is regarded as one system and the

multiplicity is thereby defined by this.

xxxiii
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The entropy of the electrodes is given by Boltzmanns law [23]:
S=kglnW (E.1)

where W is the multiplicity of the system given by:

M!
W= —MM— (E.2)
my;! (M —my;)!
where M is the number of lattice sites that can be occupied by Li, mr; is the
number of lattice sites occupied by Li in the lattice and (M — my,;) is the number

of unoccupied sites. The change in entropy can then be written as:

M! (M - 1)!

AS = kpIn TR Ml (M (1 - x)!

=kpl (E.3)

myi! (M — my;)!

where x is the number of Li atoms per CoOs unit, i.e. the fraction of the sites M

occupied. Using Stirling’s approximation [23]:

AS = kp (M In(M) — M) — (MxIn(Mx) = Mx) — (M (1 = %) In (M (1 —=x)) = M (1 - x)))

=kp (Mln (%) — MxIn (%)) =kpyM (—(1-x)In(1 —x) —xInx)
(E4)
This is similar to the expression of the molar entropy of mixing found by Guggen-
heim [52]. It can also be regarded as the entropic contribution in the Langmuir
model. The difference is that this expression is given for the number of lattice sites
available to Li, M, and x in the above expression is not the mole fraction but, as
mentioned above, the x in LiyCoOz. This equation shows that the entropy of an

ideal system is greatest when half the number of lattice points are occupied.

The model mentioned above is the one currently used in literature. Only the total
number of lattice points and amount of Li in the lattice must be known, making it
easy to implement. However, when looking from a mesoscopic point of view, there
will not be an equal distribution on the number of Li atoms present in each layer.
The number of Li atoms in a layer may be independent on the number present on
the neighboring layers. The layers will in that case be separate systems and must
be treated thereafter. Rach layer must be treated individually and the multiplicity
of the lattice as a whole is given as the product of the multiplicity of the individual

layers.

W= ﬁ W; (E.5)
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where K is the total number of intercalation layers in the electrode.

In this case the logarithm of the multiplicity is given by:

K
1nW=Z(N—ni)ln(NN )+ni1n(ﬂ) (E.6)
=1

7 7

where n; is the number of Li atoms on layer ¢ and N is the number of sites in each

layer. The change entropy is then given by:

X N N
AS:kban=kb(Z(N—ni)1n(N_n.)+niln(;)> (E.7)

i=1

A special case is obtained when it is assumed that each layer contains the same
number of Li atoms, i.e. Wy = Wy = .... = Wk. This approximation becomes valid
when N — oo, K — oo and n; is large, i.e. as the macroscopic area is approached.

The change entropy is then given by:

myi In

& )m—N_% + 2 () (E.8)

AS:ka<(N— N mri N )

The total number of sites (K-N) is the same as M. my;/K-N is then equal to x.
This can then be rewritten to:

AS=k,-K-N ((1 -x)Iln L + Xlnl) (E.9)
(1-x) X

which is exactly equal to the ideal case. This shows that when the multiplicities of
the layers are equal, which will be a valid approximation with random distribution

in the macroscopic area, the ideal model is valid.

This model is not as simple as in literature, but it can be argued that it is a
more realistic model, especially when looking at the mesoscopic range. The num-
ber of layers in the electrode and the size (i.e. the number of lattice points) of
the layers must be found in addition to the number of Li atoms to calculate the
multiplicity and thus the entropy. This makes it much harder to implement, as
this is normally not known and difficult to obtain for a macroscopic system. How
large must a system be for the ideal model to be valid for intercalation electrodes?
A hypothetical system will be used to make comparison between the two models,

to see how large a system is needed before the ideal model is valid.
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These models are general for simple lattices. For lithium-based electrodes, some
host-lattices contains separate sublattices where only one will be filled initially [53].
The same model can then be used, by treating each layer within those sublattices
as individual systems. Each electrode material must therefore be looked at to

determine the complexity of the host-lattice before implementing this model.

E.1 Li,Co0O; electrode

LixCoO2 consists of a host lattice of CoOg octahedral unit cells in one layer, giving
the total stoichiometry CoQOs, with oxygen on the edge of the layer and Li atoms
intercalated between the oxygen edges of two layers. The Li-intercalation has been
referred to as "quasi-two-dimensional”, as Li is intercalated between layers of CoO2
[29]. When the number of layers goes to infinity, there will be for each CoO2 one
free site in the lattice to be occupied by a Li atom. The Cobalt oxide electrode
structure will change with the state of charge, as will the interlayer distance [54].
LiCoOg consists of CoOg octahedral unit cells in one layer, with oxygen on the edge
of the layer, with Li atoms intercalated between the oxygen edges of two layers.

Thomas et al. observed that the pattern of the reaction of entropy they measured
at open curcuit conditions in a Li-LiyCoOs cell follows what would be expected
when lithium is solvated into a lattice in which all the lithium sites are equivalent
[31]. The same behaviour was observed for Dahn et al. for the LiyMogSeg electrode.
This means that the Li intercalated is distributed randomly on the available sites.
This is not an unreasonable, as Li can diffuse within the lattice sites [55]. This, in
addition to the lattice structure of the host material, are good arguments for why a
simple lattice model can be used to predict the entropy of lithium in the electrode.
Dahn et al. observed that theoretical studies on intercalation compounds usually
are based on lattice models and that often these models only consider the changes
of Li entropy and not the changes of the entropy of the host lattice. However in

this thesis this is not a problem as Sti(co0,) is what is wanted and not St _co0,-

The host lattice CoO5 can have several structures, and the structure of the material
depends on the amount of Li intercalated and the temperature. Most importantly
is the structure observed at x>0.4, which has the structure O3. This structure
can be either ordered or disordered. At certain temperatures and degrees of in-
tercalation, this structure can behave as though the host lattice has two separate

sublattices. Then only one sublattice will be filled at a time and Li-diffusion will not
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happen between the two lattices. The structure is then separated into two systems
which must be treated separately. At higher temperatures or higher x-values, the
structure changes to a disordered structure where the entire host lattice act as one
system. This must be taken into consideration before calculating the entropy of the
electrode. If the ordered system is present at x=0.5, one lattice will be completely
filled while the other is empty, giving a multiplicity of 1 for both sublattices. The
same model can however be used if this is taken into consideration.

E.2 Methodology

The matlab code used to generate a lattice of Li atoms and calculate the multiplicity
using both an ideal model and a layer-by-layer model is given in Appendix E.4.
This matlab code generated a random lattice containing the numbers 0 (unoccupied
lattice site) and 1 (occupied lattice site). The size of the lattice was given from
input parameters. The program then generated matrices with a Li content from 0
to 100% by insertion at random lattice points. The logarithm of the multiplicity of
each of these randomly generated matrices was then computed for each lattice for
the layer-by-layer model. This multiplicity was then compared to the ideal model
multipliciy (only dependent on the total Li content in the matrix) and plotted
against the number of Li atoms intercalated into the lattice.

E.3 Results and Discussion

A Matlab function was made to compare the models described in section E. The
Matlab code can be found in section E.4. An example of a randomly generated
lattice is shown in Figure E.1. The logarithm of the total multiplicity of the lat-
tice was calculated using both methods. This was done for a content from 0 to a
completely filled lattice. The results are shown in Figure E.2 to E.6 below and in
Appendix E.

The results from lattice model calculations are given in the figures below.

As seen in equation E.9, the layer-by-layer model and the ideal model will be iden-
tical when it is assumed that the multiplicity of the individual layers are identical.
This occurs in the limit when the number of layers, the number of lattice points
on each layer and the amount of lithium intercalated is large. The question is then
when the system can be treated using the ideal model. Because the calculations
used involves lattices created with random insertion of Li, one calculation will for

a small number of lattice sites be inaccurate. This random generation means that
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Layers

Width 10 10 Length

Figure E.1: A three dimensional figure displaying a randomly generated lattice
with 100 atoms distributed over a lattice with 10 layers, a width of 10 sites and
a length of 10 sites.
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Figure E.2: One calculation of In W for the ideal model and layer-by-layer model
with randomly generated lattices with a total of 80 lattice points distributed
over 5 layers.

the total multiplicity may be different for the different lattice as a Li atom can be
inserted into any layer. Therefore the multiplicity of the individual layers will vary
from lattice to lattice. This is also likely to occur in a real system if a complete
random insertion is the case (which depends on the interaction between the Li

atoms).
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Figure E.3: Calculations of In W for the ideal model and layer-by-layer model
with randomly generated lattices with a total of 80 lattice points distributed
over 5 layers.
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Figure E.4: One calculation of In W for the ideal model and layer-by-layer model
with a total of 500 lattice points distributed over 5 layers.

In Figure E.3 layer-by-layer model calculations were made on several randomly

generated lattices of the same size and compared to the ideal model. What can

generally be seen is that the different randomly generated lattices will not have

an equal entropy. This fits the discussion above on the lattices generated by the

code. Another interesting aspect is that the ideal model seem to overestimate the
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Figure E.5: Calculation of In W for the ideal model and layer-by-layer model
with a total of 10000 lattice points distributed over 100 layers.
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Figure E.6: Calculation of In W for the ideal model and layer-by-layer model
with a total of 50000 lattice points distributed over 5 layers.

entropy compared to the layer-by-layer model. This overestimation stems from the
very principle difference of the two models. When the first Li atom is inserted
into the lattice, the multiplicity in the ideal model will be calculated for the entire
lattice, while for the layer-by-layer model only one layer will have an increase in
multiplicity and the other empty layers will still have a multiplicity of 1. This effect
will be present as long as some layers are more filled than others, which gives the
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Figure E.7: Calculation of In W for the ideal model and layer-by-layer model
with a total of 50000 lattice points distributed over 10 layers.
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Figure E.8: Calculation of the difference between In W;geq and In Wigyer—by—1ayer
for a total of 50000 lattice points distributed over 10 layers.

following relation:

Wlayer—by—layer < Wideal

This relation can also be verified by looking at Figure E.8 in Appendix E, where
the difference between In Wigeal and In Wiager—by-layer is computed. It can be seen
that except at 0 and complete filling, there is a difference between the two models,

in which the ideal model always has the greater value.
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Despite the difference between the two models is still present in the calculations
with a high number of lattice sites (i.e. from 50000 lattice sites), the relative dif-
ference becomes smaller and smaller as the number of sites increases. This can
easily be seen by comparing Figure E.2 and E.6. Thereby it can be concluded that
the difference between the two models when 50000 lattice sites is reached (which
cannot be seen in Figure E.6 and Figure E.7, but is still present according to Figure
E.8) is negligible. For lattices of greater sizes than this, the ideal model can be

used for calculations.

Figure E.9 shows a randomly generated lattice where one sublattice is completely
filled while the other is only partly filled and the particles inside is distributed

randomly.
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Figure E.9: A three dimensional figure displaying a randomly generated lattice
consisting of two sublattices filled with 300 atoms distributed over a lattice with

10 layers, a width of 5 sites and a length of 10 sites.

From Figure E.10 it is evident that the ideal model is a good approximation for
systems with sublattices as well, as long as the ideal model is used on the two

subsystems individually and not on the entire host lattice.
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Figure E.10: Calculation of In W for the ideal model and layer-by-layer model
with a total of 5000 lattice points distributed over 10 layers and two sublattices.

E.4 Matlab Codes Lattice Model Calculations

function lnW.meso = entropy2(K,L,W)
$K=number of layers

$L=length of the sides of each layer

$M = number of Li atoms
N=L«*W;
O=K=«*N; % total number of sites

InW_ideal=zeros (0, 1);

1nW_meso=zeros (0, 1);

for M=0:0 %$Changes the number of Li atoms from 1 to the
maximum number

Lattice=zeros (K, L, W); %$Defining the matrices

i=0;

if M==

InWmeso(1l,1)=0;
1InW_ideal (1,1)=0;

else

$Putting Li atoms into the lattice
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while i <M
l=randi (K) ;
k=randi (L) ;
m=randi (W) ;

if Lattice(l,k,m)==
Lattice (1,k,m)=1;
i=i+1;

end

end

InW=zeros (K, 1) ;
m=zeros (K, 1);
%counter
%calculating the multiplicities
for i=1:K

for j=1:L

for k=1:W

if Lattice (i, j, k)==1
m(i)=m(i)+1;

end

end

end

if m(i)>0 && m(i) <N

Entropy of Intercalation

InW(i,1)=(N-m(i))+1log(N/(N-m(i))) + m(i)=*log(N/m(i));
else

InW(i, 1)=0;

end

end

%$Total multiplicity calculations

if M <O

InW_ideal (M+1,1) = M*log(O/M)+ (0-M)*log(0O/ (0O-M)) ;

else

InW_ideal (M+1,1)=0;

end

InW_meso (M+1,1)=sum(1lnW,1);
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end

end

x=0:0;

plot (x,1lnW_ideal); hold on

plot (x, InW_meso) ;

legend ('’ Ideal’, " Layer-by-layer’)

end

xlv



