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Chapter 1.

General introduction

1.1. Batteries and their fundamental principals

1.1.1. Basics

A battery is composed of two electrodes and an electrolyte and is an electric storage
device that stores electric energy as chemical energy. The two electrodes have different
chemical potential, and a chemical reaction takes place based on this difference. A
combination of electrodes provides many kinds of batteries. An electrode with a higher
potential is called a cathode which is a positive electrode, and a lower one is called an
anode which is a negative electrode. The electrolyte is an ionic conductor but an electric
insulator, otherwise it would cause an internal short-circuit. An electrolyte is used as a
separator between the cathode and anode and offers a diffusion path for the charge

transfer ions among them.

When the electrodes are connected to each other across the electrolyte, electrons move
from the anode to the cathode throughout the external circuit. As electric current flows,
electric energy can be taken out. Meanwhile, ions move through electrolyte from/in
electrodes with maintaining electrical neutrality. This is the discharge process, where
reduction reactions that receive electrons from the external circuit occur in the cathode
while oxidation reactions that release electrons to the external circuit occur in the anode.
The charge process is the opposite. As this electrochemical reaction is not subject to the
restriction of Carnot cycle, the theoretical conversion efficiency calculated from Gibbs
free energy is 100%, which is efficient energy conversion and storage system with the

lowest entropy production.!

This framework can be applied to such as Li-ion batteries or other batteries with an ion-
carrier. In the following, taking a closer look at each component in Li-ion battery system
as an example. The schematic diagram? is shown in Figure 1.1. The cathode is layered
transition metal oxides and the anode is graphite, which is one of the most typical
combination. Each of electrode active materials is mixed with conductive carbon and

binder to form a paste. The products are casted onto each current collector, which is



aluminum for the cathode side and copper for the anode side. Both of them are
inexpensive, lightweight and high durability even if they are made of thin films. These

electrodes are placed across a separator sheet soaked in an electrolyte.

The working principle will be described. During discharge, Li ions are released from the
anode into the electrolyte through the electrode/electrolyte interface, and are inserted
into the cathode through the electrode/electrolyte interface again. Meanwhile, electrons
move from the anode to the cathode through the external circuit. The oxidation reaction
of graphite occurs at the anode, and the reduction reaction of the transition metal
element M mainly proceeds at the cathode. This electrochemical reaction on discharge is

expressed by the following equation:
(cathode) LiMO, — Li;_, MO, + xLit* + xe™!
(anode) Ce + xLit + xe™ - Li,Cq
(overall) LiMO, + C¢ — Li;_,MO, + Li,Cg
The charge reaction is opposite to the discharge:
(cathode) Li;_,MO, + xLi* + xe™! - LiMO,
(anode) Li,Cg » Cg + xLit + xe™

(overall) Li;_,MO, + Li,C¢ = LiIMO, + Cg.
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Figure 1.1. Schematic of a Li-ion battery. The negative electrode is a graphitic carbon that holds Li in its
layers, whereas the positive electrode is a Li-intercalation compound —usually an oxide because of its higher
potential —that often is characterized by a layered structure. Both electrodes are able to reversibly insert
and remove Li ions from their respective structures. On charging, Li ions are removed or deintercalated
from the layered oxide compound and intercalated into the graphite layers. The process is reversed on
discharge. The electrodes are separated by a nonaqueous electrolyte that transports Li ions between the

electrodes.?

The theoretical capacity of the electrode material is calculated as follows:

1 1000
Q=—XnXxFX

(1-1)
w 3600

where Q [mAh/g] is the theoretical capacity, W [g/mol] is the molecular weight, n is
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the number of electrons in the reaction, and F [C/mol]is the Faraday constant. The last
term on the right side multiplies to convert unit C (coulomb) to mAh. In the battery
system, unit mAh, not C, is used because time unit of hour is convenient rather than unit
sec. For instance, considering the case of a battery capacity of 1822 mAh (which is
equivalent to the battery capacity of iPhone 8 made by Apple Inc. Theoretical capacity
and actual one must be considered separately, however). A current of 150 mA can flow
for about 12 h (= 1882 mAh / 150 mA) to fully charge this battery from empty, while for
the quick charge within 30 min, 3764 mA (= 1882 mAh /0.5 h) is needed. In this manner,

unit mAh after conversion is more convenient than C (coulomb).

Unit C for rate is a technical word for the battery community. 1 C is a current value that
the theoretical capacity is charged and discharged for 1 h. That is, 10 Cis a current value
to charge and discharge the theoretical capacity for 6 min and 0.2 C is for 5 h. In the

example above, 0.5 C corresponds to 941 mA.

1.1.2. Thermodynamics

The battery systems follow directly from the thermodynamic and kinetic formulations
for chemical reactions as adapted to electrochemical reactions.! The basic
thermodynamic equations for a reversible electrochemical response at constant

temperature are given as

AG = AH — TAS (1-2)
and

AG°® = AH® — TAS® (1-3)

where AG is the Gibbs free energy, or the energy of a reaction available for useful work,
AH is the enthalpy, or the energy released by the reaction, AS is the entropy, and T is
the absolute temperature, with TAS being the heat associated with the
organization/disorganization of materials. The terms AG, AH, and AS are state
functions and depend only on the identity of the materials and the initial and final states
of the reaction. The degree symbol is used to indicate that the value of the function is for

the material in the standard state at 25°C and unit activity.

Because AG represents the net useful energy available from a given reaction, in

electrical terms, the net available electrical energy from a reaction in a cell is given by



AG = —nFE (1-4)
and
AG® = —nFE° (1-5)

where n is the number of electrons transferred per mole of reactants, F is the Faraday
constant, being equal to the charge of one electron, and E is the voltage of the cell with
the specific chemical reaction; in other words, E is the electromotive force (emf) of the
cell reaction. The voltage of the cell is unique for each reaction couple. The amount of
electricity produced, nF, is determined by the total amount of materials available for
reaction and can be thought of as a capacity factor; the cell voltage can be considered to
be an intensity factor. The usual thermodynamic calculations on the effect of temperature,
pressure, etc., apply directly to electrochemical reactions. Spontaneous processes have a
negative free energy and a positive emf with the reaction written in a reversible fashion,
which goes in the forward direction. The van't Hoff isotherm identifies the free energy

relationship for bulk chemical reactions as
AG = AG° + RT In(a,/a,) (1-6)

where R is the gas constant, a, the activity product of the products and a, the
activity product of the reactants. Combining eqs (1-4) to (1-6), the Nernst equation for

electrochemical reactions is
E = E°+ RT'In(a,/a;). (1-7)

Faraday's laws, as summarized in eq (1-7), give the direct relationship between the
amount of reaction and the current flow. There are no known exceptions to Faraday's

laws.

_nw 18)
9= nF’

g is the grams of material transformed, [ is the current flow (amps), t is the time of

current flow (seconds, hours), W isthe molecular or atomic weight of the material being

transformed, and n is the number of electrons in the reaction.

1.1.3. Kinetics

Thermodynamics describe reactions at equilibrium and the maximum energy release for

a given reaction. Compared to the equilibrium voltage (= open circuit voltage, Eycy), the



voltage drops off (= “electrode polarization” or “overvoltage”) when current is drawn
from the battery because of kinetic limitations of reactions and of other processes must
occur to produce current flow during operation. Electrochemical reaction kinetics follow
the same general considerations as those for bulk chemical reactions. However, electrode
kinetics differs from chemical kinetics in two important aspects: (1) the influence of the
potential drop in the electrical double layer at an electrode interface as it directly affects
the activated complex and (2) the fact that reactions at electrode interfaces proceed in a
two-dimensional, not three-dimensional, manner. The detailed mechanism of battery
electrode reactions often involves a series of physical, chemical, and electrochemical
steps, including charge-transfer and charge transport reactions. The rates of these
individual steps determine the kinetics of the electrode and, thus, of the cell/battery.
Basically, three different kinetics effects for polarization have to be considered: (1)
activation polarization is related to the kinetics of the electrochemical redox (or charge-
transfer) reactions taking place at the electrode/electrolyte interfaces of anode and
cathode; (2) ohmic polarization is interconnected to the resistance of individual cell
components and to the resistance due to contact problems between the cell components;
(3) concentration polarization is due to mass transport limitations during cell operation.

The polarization, 7, is given by

n = Eocy — Er. (1-9)

where Ejcy is the voltage of the cell at open circuit and Er is the terminal cell voltage

with current, I, flowing.

Activation polarization arises from kinetics hindrances of the charge-transfer reaction
taking place at the electrode/electrolyte interface. This type of kinetics is best understood
using the absolute reaction rate theory or the transition state theory. In these treatments,
the path followed by the reaction proceeds by a route involving an activated complex,
where the rate-limiting step is the dissociation of the activated complex. The rate, current
flow, i (i=1/A and iy = Iy/A, where A is the electrode surface area), of a charge-

transfer-controlled battery reaction can be given by the Butler-Volmer equation as
i = io[exp(aFn/RT) — exp((1 — a)Fn/RT)]. (1-10)

where the exchange current density, iy = koFA is the exchange current density (k, is the
reaction rate constant for the electrode reaction, and A is the activity product of the
reactants), n is the polarization or departure (overpotential) from equilibrium (7 =

Eocy — E7), and «a is the transfer coefficient, which is best considered as the fraction of
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the change of overpotential that leads to a change in the rate constant for charge-transfer
reaction. The exchange current density is directly related to the reaction rate constant, to
the activities of reactants and products, and to the potential drop across the double layer.
Reactions with larger i, are more reversible and have lower polarization for a given
current flow. Electrode reactions having high exchange currents (i, in the range of 102
A/cm?) at room temperature are favored for use in battery applications. The buildup and
decay of the activation polarization are fast and can be identified by the voltage change

on current interruption in a time frame of 102-104s.
The activation polarization follows the Tafel equation derived from eq (1-8)

n =a—blog(/Ily) (1-11)
where a and b are constants.

Ohmic polarization arises from the resistance of the electrolyte, the conductive diluent,
and materials of construction of the electrodes, current collectors, terminals, and contact
between particles of the active mass and conductive diluent or from a resistive film on
the surface of the electrode. Ohmic polarization appears and disappears instantaneously
(£10¢ s) when current flows and ceases. Under the effect of ohmic resistance, R, there is

a linear Ohm's Law relationship between [ and 7.
n=1IR (1-12)

As the redox reactions proceed, the availability of the active species at the
electrode/electrolyte interface changes. Concentration polarization arises from limited
mass transport capabilities, for example, limited diffusion of active species to and from
the electrode surface to replace the reacted material to sustain the reaction. Diffusion
limitations are relatively slow, and the buildup and decay take 210 s to appear. For
limited diffusion the electrolyte solution, the concentration polarization, can be

expressed as
n = (RT/n)In(C/Co) (1-13)

where C is the concentration at the electrode surface and C, is the concentration in the
bulk of the solution. The movement or transport of reactants from the bulk solution to
the reaction site at the electrode interface and vice versa is a common feature of all
electrode reactions. Most battery electrodes are porous structures in which an

interconnected matrix of small solid particles, consisting of both nonconductive and



electronically conductive materials, is filled with electrolyte. Porous electrode structures
are used to extend the available surface area and lower the current density for more

efficient operation.

IR Drop
oV >_ End of Life
Ohmic (Concentration
1 Polarization (IR} Polarization)
s X
(=]
s v
° Activation .
= Polarization Higher Rate
Discharge

Discharge =

Figure 1.2. Typical discharge curve of a battery, showing the influence of the various types of polarization.!

1.2. Thermodynamics of binary systems

1.2.1. Regular solution approximation

When temperature and pressure are fixed in a system, Gibbs free energy has a certain
value in pure substances, whereas it attributes composition dependent curves in binary
mixtures. The latter state is called solution in liquid or gas systems as well as solid
solution in a solid system. In the following, Gibbs free energy of A — B binary system
will be described with an assumption of arithmetic average of segregation limit for the
tirst step, ideal solution approximation with mixed entropy, and regular solution

approximation with mixed enthalpy in addition.

In a binary solution of A — B, Gibbs free energy of simple substances A and B are G,°
and Gg°, respectively. Atomic fraction of 4 and B are x, and xz when mixed both
samples. For the state where the two phases are completely separated, that is, at the

segregation limit, the Gibbs free energy of mixing is
GO = x,G,° + xgGg°. (1-14)

It is assumed that A and B atoms are completely disordered. The total number for
arranging A atomsof N, particlesand B atomsof Ny particles at lattice points in the

solution is



_ (Ng + Np)!

. (1-15)
NA! * NB'

In general, the entropy of an aggregate of atoms is expressed by the Boltzmann’s

equation with the number of cases of atomic arrangement W.
S=kylnW (1-16)

where kg is the Boltzmann constant. The number N is set to the number of lattices for
1 mol, that is, Avogadro's constant, satisfying the equation of N = N, + Np. With
Stirling's approximation of InN!~NInN — N, the enthalpya of mixing is

(N4 + Np)!
NA!.NB!
Ny Ny
—(Ny + Ng)k ( In
(Na + Np )k Ny + Nz N, + Ng (1-17)
N N
+ 5 In B )
Ny +Ng Ny+ Np

—R(x4Inx4 + x5 Inxp).

ASpix = kg InW = kg In

A solution in which there is no interaction between each atom and the atomic
arrangement is disordered is called an ideal solution. The Gibbs free energy of this ideal
solution is expressed by adding the entropy of mixing to the segregation limit model as

mentioned above:

Gideal = xAGAO + XBGBO + RT(XA lnxA + xB ln xB)

1-18
= G — TAS ix- (1-18)

Since the entropy of mixing AS,;, is always positive, G4 < G° holds, so that it is
more stable for the system to become a solution state by mixing atoms with each other

rather than at the segregation limit.

Interaction between heterogeneous atoms cannot be ignored in an actual solution, and
then enthalpy of mixing must be considered. In the aggregated phase of liquid or solid,
the pressure term (pV) is smaller than the energy term (E), so that the approximation of
H =pV + E ~E can be used. The interaction energy is calculated under the following

assumption:

(D The cohesive energy of the solution is represented by the sum of the bonding energy
only between the nearest neighbor atoms. The bonding energy between atoms

separated by the second adjacent position or more is ignored.



(2 The bonding energy between the nearest neighbor atoms depends only on the kind
of the atom pair and not on the surrounding atoms.

With the number of i —j bonds (N;;) and their binding energy (E;;), the energy after

mixing is
H = NygEqq + NppEpp + NapEyp (1-19)

as described in Figure 1.3.

. ‘ ()
N
Ey

B
o e ’
g,
EAB
had Epp

Figure 1.3. Bonding energy between A and B atoms under regular solution approximation in a binary

system. A atoms represent the light gray and B atoms the dark gray.

The total number of A atoms is N,, the total number of B atoms is Ny, and z is the
coordination number. To avoid the duplication of A and B atoms, N;; are expressed
as following:
1 2
NAA = ENAZXA = ENZXA

NBB = ENBZ'xB = ENZ'XBZ (1_20)

NAB = NAZXB = NBZJCA = NZ)CAxB

Then,
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1 1
H = ENZ'XAZEAA + ENZ'XBZEBB + NZXAXBEAB

1 1

= ENZxA(l - xB)EAA + ENsz(l - xA)EBB + NZXAXBEAB (1'21)
1 1 Eqq + Egp

= ENzxAEAA + ENszEBB + Nzxyxp (EAB - T)

The first two terms equal to the energy at segregation limit.

The Gibbs free energy of before mixing is

GO = HO
1 1
= ENZXAEAA +ENZXBEBB (1_22)

= xAHAO + xBHBO

H,° = NzE4,/2 and Hg’ = NzEgp/2 are the enthalpy of pure substances. Therefore, the

enthalpy of mixing under regular solution approximation is finally

AHpiy = H — H®

M) (1-23)

= NZxAxB (EAB - )

= Qx,xp

where (O represents the deviation from the ideal solution and is called the interaction
parameter. This is an inherent parameter of the system, characterizing thermodynamic
properties peculiar to the solution. The solution model considering only the binding
energy of a nearest atom pair is referred to as regular solution approximation. The Gibbs

free energy of mixing is

Gmix = G° + AHpix — TASiix
= Giea 4 AH,.i\ (1-24)

= x4G,° + x5Gg° + Qx,x5 + RT(x, In x4 + x5 Inxp).

1.2.2. Thermodynamic interaction parameters
Since interaction between heterogeneous atoms cannot be ignored in a regular solution,
its Gibbs free energy is expressed by the formula (1-24) as shown above. In this equation,

the thermodynamic properties of the solution change according to the value of :

Egq + EBB) (1-25)

Q=NZ(EAB— -

Since Ejp < (Eqq + Epp)/2 when Q < 0, the energy of the A — B pair is lower than the

11



average energy of the A — A pair and the B — B pair, which means A atoms and B
atoms try to attract each other. Consequently, the solution show ordering trend (Figure
1.4b). On the other hand, since Ep > (Ez4q + Epp)/2 when Q > 0, the energy of the
A — B pair is higher than the average energy of the A — A pair and the B — B pair,
which means A atoms and B atoms try to repel each other. Therefore, A atoms bond
to A atoms themselves and B atoms as well, so that the solution tends to separate into
two phases (Figure 1.4c). When Q = 0, there is no interaction between A atoms and B

atoms, so that the atomic arrangement becomes disordered. That is an ideal solution.

a) initial state b) O=-0.5 c Q=05

0000000000 0000000000 L 1 1 JeJeleleleje] )
. JoI JoI Jelele] Je) 0000000000 0000000000
0000000000 | JolejJeJelel ol Je) 0000000000
ejolel I JoI JeJel ) 0000000000 [ 1 JeJeJelelel I T )
oJlolelel JoI I I JO) 0000000000 [ 1 JeJeJelelel I T )
0000000000 0000000000 0000000000
0000000000 0000000000 0000000000
00000000000 elelel Jeol lel JeI ) 0000000000
[ I JeJeJel Jele] Je) 0000000000 [ I JeJeJelelel I T )
(Jol Jolel I I X X ) ceCeeC000 0000000000

Figure 1.4. Simulation of two interaction parameters in a binary system under regular solution

approximation. A atoms represent the light gray and B atoms the dark gray.

1.2.3. Composition — Gibbs free energy diagram
Gibbs free energy of mixing of a regular solution subtracted from that of ideal solution

is called excessive Gibbs free energy. From the equation (1-24),

AG.EX = G iy — G194 = Qxyxp. (1-26)

mix

As can be seen from this equation, excess Gibbs free energy is always symmetric with
respect to concentration. In an actual case, when the interaction parameter Q is
dependent on concentration, it is expressed such as Q = Qg + Q;xp. This is called semi-

regular solution approximation.

Gibbs free energy of mixing per 1 mol in a regular solution can be expressed as follows

using chemical potential u, for A atom.

12



Gmix = Xalta + XplUp (1-27)
In the case of an ideal solution, the chemical potential is
pi%% = G0 + RT Inx,. (1-28)

Considering the deviation from the ideal solution, the chemical potential of the regular

solution is

pa =G+ RTInay

o (1-29)
=Gy + RT Inyx,

where a, represents activity of A atom and y, is activity coefficient, which is 1 for an

ideal solution. Therefore, excessive Gibbs free energy with the activity coefficients is
AGEX = RT (x4 Iny, + x5 Inyg) (1-30)

In this way, the interaction parameter is embed in the activity coefficients, enabling to

calculate the interaction parameter from the activity coefficients.

The composition-Gibbs free energy diagram is illustrated by the equation (1-24) as
shown in Figure 1.5. Since the energy of the segregation limit is expressed as G° =
x,G,° + xgGg°, it becomes a straight line connecting G,° and Gz° asindicated by the
dotted line in Figure 1.5. As AS,,;; > 0 is always satisfied, the entropy of mixing
—TAS iy is symmetric with respect to concentration and shows a negative value. As
the enthalpy of mixing is AH,;, = Qxsxp as well as x x5 = (1 — xg)xp > 0, this is also

symmetric with respect to concentration.

When Q < 0, the Gibbs free energy of mixing describes a convex downward curve at
any temperature as shown in Figure 1.5a. On the other hand, when > 0, AH,;, is
convex upward whereas —TAS,,;, is convex downward energy curve, so that the
inflection point is generated in the Gibbs free energy curve in a certain temperature
range due to the relative relation between the enthalpy and the entropy such as Figure
1.5b. In this case, it is advantageous in terms of energy to separate into two phases having
different concentrations. A coexisting region of two phases with the same structure is

generated.

13
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Figure 1.5. Composition — Gibbs free energy diagram.

Taking a closer look at the case of Q > 0, which tends to separate into two phases. When
the A— B binary solution consists of two phases, @ and f phase, at a certain
temperature, the composition-Gibbs free energy diagram shows a partially convex

upward curve with an inflection point as shown in Figure 1.6.

Gg

Free energy G

Q F---
ol-----
lon)

A p

Composition

Figure 1.6. Composition — Gibbs free energy diagram.

Upon a common tangent to the Gibbs free energy curve of each phase, the concentration
at the contact point with the Gibbs free energy curve G% (of the @ phase) and G# (of

the f phase)is p and g, respectively. Considering the case where the concentration of

14



the system is a satisfying p < a < q, Gibbs free energy of mixing at concentration a

using a chemical potential such as equation (1-27) is
G (a) = (1 - auy + app. (1-31)

The Gibbs free energy G® at concentration p and the Gibbs free energy GF at

concentration g are

G*(p) = (1 —pus + pug®
p 5 (1-32)
GP(q) = (1 —Qu, +quy -

When two phases are in equilibrium, the chemical potential of each component is equal.

wa=ul=ul,  wp=uf =ng (1-33)

At this time, the equation (1-32) can be rearranged as follows.

q —p
pa =——G%(p) +——=GF(q)
AT g-p q-p

1-34)
q-—1 1-p (
Hp = ——G*(p) + ——GF(q)
*Ta-p P Tg=p
This chemical potential is substituted into the equation (1-31) and arranged:
gq—a a—-p
G**F(a) = ——G"*(p) + ——GF (). (1-35)
q—p q—p

This is the point on the common tangent line in Figure 1.6. Since G *+B(a) < G%a) and
26 (a) < GF(a) always hold, it is more stable that the two phases are separated and
coexistent in the equilibrium state rather than the solid solution of only a phase or

phase is formed. Conversely, when a common tangent line can be drawn to the Gibbs

free energy curve of the two phases, there is a region where two phases are separated.

According to the equation (1-27), the chemical potentials p, and pp correspond to
intercepts of the common tangent at x, = 1 and xz = 1, respectively (Figure 1.7). This

can easily be confirmed geometrically.
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Figure 1.7. Composition — Gibbs free energy diagram.

In the following, based on the eutectic binary phase diagram as shown in Figure 1.8, the

Gibbs free energy curve at each temperature is considered.
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At temperature Ts, the Gibbs free energy curves of @ phase and y phase intersect at
an certain concentration, so that the common tangent line can be drawn to these phases.
There are regions in which two phases of a phase and y phase coexist. In the
concentration between Ac, the system becomes a phase solid solution, and between cd
the system becomes coexistence of two phases of @ phase and y phase. The Gibbs free
energy of y phase is the lowest between dB so y phase is stable. At temperature T,,
the Gibbs free energy curves of @ and [ phases intersect with that of y phase. One a
phase solid solution phase between Ae, which is the concentration range, two phase
coexistence of @ phase and y phase between ef, one y phase between fg, two phase
coexistence of f phase and y phase between gh, and one f phase between hB are
stable in equilibrium state. At temperature T3, a common tangent line to the three Gibbs
free energy curves is drawn. Since y phase is in equilibrium state with both a phase
and f phase, this temperature is called the eutectic temperature in the binary system.
When the temperature further drops to T,, one a phase or one f phase exist between
Al or mB, respectively. There are two phases coexistence with @ and g phase without

vy phase between Im, the total Gibbs free energy becomes very small.
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1.2.4. Spinodal decomposition

Considering a case where a supersaturated solid solution is separated into two phases
having different composition but same crystal structure, the Gibbs free energy of both
phases offers a continuous curve. The shape of the Gibbs free energy curve depends on
the interaction parameter (0, which represents the solid solution stability against

concentration fluctuation.

Considering A — B binary system, when the minute concentration fluctuation occurs
and the mixture is separated into two phases (Figure 1.9). When the Gibbs free energy
curve is convex downward, the Gibbs free energy of the system increases, so that the
concentration fluctuation disappears and the solid solution is kept stable. On the other
hand, if the Gibbs free energy curve is convex upwards, the Gibbs free energy of the
system decreases and the solid solution becomes unstable. Then, the condition that the

solid solution is stable against fluctuation is

%G
0x5

> 0. (1-37)

At a certain temperature satisfying Q > 0, the Gibbs free energy curve has two local
minima and the stability of the solid solution against fluctuation depends on three

concentration regions.

(D Less than x; and more than x,: Stable with uniform solid solution.

In the inside of the binodal line dG/dxp = 0, the solid solution is separated into two

phases.

(2 Morethan x; and less than s;, or more than s, and less than x,: Phase separation

occurs only when the fluctuation range of concentration is large.

(3 Morethan s; andlessthan s,: Inside the spinodal line 92G/dxg* = 0, even if slight

concentration fluctuation occurs, its width increases and phase separation occurs.
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Figure 1.9. Spinodal and bimodal decomposition curve.

1.2.5. Driving force for phase change

In A—B binary system, the driving force for precipitating the S phase from
supersaturated solid solution of a phase is shown in Figure 1.10. The crystal structure
of @ and f phase are different, and both phases have individual Gibbs free energy

curves. The Gibbs free energy at equilibrium is given by the common tangent of both

Gibbs free energy curves.
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Figure 1.10. Composition — Gibbs free energy diagram.

When the concentration of the solid solution in the parent phase is x,, the driving force

of the precipitation reaction is represented by AG in Figure 1.10.

AG = (1 — xo)p™(x1) + xoug* (x1) — G*(xp) (1-38)

At the nucleation in the early stage of the reaction, when a very small amount of
phase produces out of alarge volume of @ phase, the concentration change of the parent
phase due to the precipitation of f phase is almost negligible. The Gibbs free energy of
this reaction, which is the driving force for the nucleation of  phase is expressed as

follows:

AGy = (1 = xduf () + 321l ()]
— [(1 = xz)ps" (x0) + x215" (x0)]-

(1-39)

The first term on the right side is the Gibbs free energy of [ phase at the concentration
x,, and the second term is the Gibbs free energy where the concentration of A and B

atoms in the parent phase having the initial concentration x, is x,.

The driving force AGy is generated if the nucleus concentration is greater than x. in
Figure 1.10. The maximum driving force AG,™** can be produced when the tangent of
the Gibbs free energy curve of f phase is drawn to be parallel to the tangent of the Gibbs

free energy curve of a phase at the initial concentration and the nuclei is formed with
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the concentration of the contact point.

1.2.6. Activation energy of nucleation

Nucleation by diffusion of atoms is a phenomenon in which a new phase of the
minimum size that is stable against the fluctuation of the concentration and/or the
structure in the parent phase is generated. In the elementary processes, the size of

clusters changes due to attachment / detachment of atoms.

The Gibbs free energy change AG, due to cluster formation of a new phase with atoms

of radius r is shown in Figure 1.11.

AG, 4

AG* ______________

nr

V(AG+AG)

Figure 1.11. Activation energy of nucleus reaction.

When the interfacial energy y is constant, AG, can be expressed as follows using the

volume V of the new phase, the interface area A, and the elastic strain energy AGg:
AG, = V(AGy + AGy) + Ay (1-40)

The driving force for nucleation AGy is a Gibbs free energy change from the parent
phase to the new phase per unit volume and takes a negative value. On the other hand,
the interfacial energy y and elastic strain energy AG are positive. In order to occur the

phase change, the Gibbs free energy of the system must decrease. It is necessary that the
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driving force generated by a certain volume of the new phase exceeds the interfacial

energy and elastic strain energy, which means there is an energy barrier for nucleation.

Ignoring the elastic strain energy, the shape of the new phase at nucleation is given as
the condition of minimum interface energy per unit area. When the interface energy is
isotropic, the shape of the new phase becomes spherical without anisotropy. At this time,

the Gibbs free energy change is

3

4ty
AG, = 3

(AGy + AGy) + 4nr2y (1-41)

The local maximum value AG,+ is taken for a certain nucleus size r*. As clusters
exceeding the critical radius become larger, AG, turns to decrease and they grows
furthermore. On the other hand, as clusters below the critical radius try to be larger, AG,
will increase and they tend to disappear. The radius r* of the spherical critical nucleus

and the activation energy AG,+ for the critical nucleation are

* —2y
rf = —m
AGy + AG
(86, + G,) .
lémy
AG,»

~ 3(0Gy + AG,)?

1.3. Two-phase materials in Li-ion batteries

LiFePOxs is a phase separated and anisotropic material®¢ with a large miscibility gap for
particles larger than ~50 nm” and exhibits one-dimensional lithium migration®°. At low
current rates, LiFePOs intercalates via a particle-by-particle pathway, first explained by
the domino cascade model® and more recently by its non-monotonic Li chemical
potential profile' 2. At elevated current rates, density functional theory'® and reaction-
limited phase-field modelling'* suggest that phase separation is suppressed and
replaced with a solid solution pathway. This metastable solid solution was observed
using operando diffraction and microscopy’>1?, and the solid solution phase separates

into Li-rich and Li-poor phases under equilibrium at room temperature!®.
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1.4. Metal/metal fluoride battery system

Recently, Reddy and Fichtner for the first time demonstrated rechargeable fluoride ion
batteries working at a temperature of 150 °C using solid electrolyte.?’ Subsequently,
several attempts were made to improve the performance of FIBs: by using
nanocrystalline fluorite-type electrolytes,?® Mg+MgF:-based composite as an anode,?
intercalation-based materials as cathodes,?*? and by employing thin electrolyte and
electrode layers.?2® However, in all cases, the cells were operated at 150 °C or above and

the reaction mechanism of metal/metal fluoride system has not been understood.

1.5. Objectives

Batteries are widely spread from power supplies for small electronic devices to large
energy storage, and are indispensable for realizing a sustainable society. In addition to
improving the performance of existing lithium ion batteries, research and development
of fluoride-ion batteries, which are high energy density next generation batteries, are
undertaken. In both cases, lattice reorganization occurs in the electrode active material
due to continuous ion/ lectron transfer in the electrochemical reaction field, and the
phase transition progresses. The phase transition reaction proceeds from the interface
between the parent phase and the new phase as a starting point, and it is expected that
the cycle characteristics and output characteristics of the batteries can be largely
improved by understanding the phenomenon and proper control. Many attempts have
been taken to improve performance by individual methods for each material so far, but
lacking concepts and approaches to integrate them are present conditions. In this study;,
we firstly clarified the phase boundary movement phenomenon by reducing lattice
volume difference in LiFePOs, which is a typical lithium ion battery positive electrode
material, and examined its influence. We applied this knowledge to Cu, which is a
positive electrode material for fluoride-ion batteries, and attempted to improve the

performance of the storage battery.
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Chapter 2.
High rate performance of dual-substituted LiFePO, based

on controlling metastable intermediate phase

High rate capability is one of the most important properties in Li-ion batteries for electric
vehicle and/or energy grid use. Herein, a high-power electrode material consisting of
dual-substituted LiFePOs by zirconium and silicon, Li(Feo9s5Zro0s)(PosSio1)Os, was
developed as it exhibits small lattice volume change between Li-rich and Li-poor phases.
The dual-substituted cathode exhibited 1.1-4.4 times larger charge/discharge capacities
for upper 10 C rates than that of the undoped material. Time-resolved XRD
measurements at the high rate of 10 C revealed the formation of a metastable
intermediate phase during the Li intercalation/deintercalation processes which triggers
the continuous phase transition in Li(FeossZro0s)(PosSio1)Os with moderation of the lattice
mismatch. Controlling the lattice volume change between the initial and end phase of

the intercalation materials is key to achieving high rate capabilities.
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2.1. Introduction

The cathode material, LiFePOs, whose specific theoretical capacity is 170 mAh/g with an
average voltage of 3.4 V vs Li*/Li, exhibits excellent performance in batteries.! Its strong
polyanionic framework enables the extraction of one Li ion without irreversible structure
transformation. The Fe?*/Fe* redox potential in the olivine structure is higher than that
in the layered structure because the Fe-O covalency in octahedral FeOs is weakened by
strong covalency of the P-O bond in the neighboring tetrahedral POs.* The intrinsic high
thermal/chemical stability and long cycle life of the material make it suitable for use in
energy storage systems. Li-ion intercalation/deintercalation in LiFePOs proceeds via a
two-phase reaction between the Li-rich Lii-pFePOs (LFP) and Li-poor LiaFePOs (FP)
phases.! > ¢ Li-ion diffusion occurs along the b axis,” # as the phase boundary forms a
thermodynamically favorable bc plane or kinetically favorable ac plane.®!! Although
nucleation and subsequent growth reactions are considered to be a kinetic disadvantage
because of the associated large lattice volume change, LiFePOu nevertheless exhibits high
charging/discharging rates. A metastable intermediate phase, which forms during the
charging/discharging processes, decreases the extent of lattice mismatch between LFP
and FP, resulting in high rate performance.’> Therefore, reduction of the lattice mismatch
between the LFP and FP phases is anticipated to be advantageous for a faster phase
transition. Recently Li(FeixZrx)(P1-2Si2x)Os, which is dual-substituted LiFePOs with
zirconium and silicon, has been reported for the small lattice volume change.'® Although
the higher dopant content of x in Li(Fei~Zrx)(P1-2xSi2x)Os offers the smaller volume
change, it is a trade-off for the lower theoretical capacity as the iron is the only redox
active element. Herein, we examined the rate performance and phase transition behavior
of the optimized dopant content of Li(Fei«Zrx)(P1-2xSi2x)Os or Li(Feo.95Zr0.05)(Po.9Sioa)Os,
with the reduced lattice mismatch as well as the acceptable capacity.
Li(Fev95Zr0.05)(PosSio1)Os exhibited a higher rate performance than that of LiFePOu. The
metastable intermediate phase of Li(Feo.ssZro0s)(PosSio1)Os appeared for a wider range of
Li contents than that of LiFePO4 during the charging/discharging processes, resulting in

the rate performance improvement.

2.2. Experimental

LiFePOs and Li(Feo95Zro.0s5)(P0sSio1)Os were synthesized by a solid state reaction. The

crystal structure of the electrochemically delithiated samples were analyzed by X-ray
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diffraction (XRD) with the wavelength of 0.699292(4) A, which was calibrated using CeOy,
at a beam line BL02B2 of SPring-8 (Hyogo, Japan). The particle size of the prepared

samples were confirmed by scanning electron microscopy (SEM) (5-3400 N, Hitachi
HighTech Co.).

The electrode was prepared by mixing 80% active material, 10% carbon black (Denka
Company Limited), and 10% polyvinylidene fluoride (Kureha Corporation) with 1-
methyl-2-pyrrolidinone as a solvent (Wako Pure Chemical Industries, Ltd.). The
composite electrode was placed in laminate-type cells in an Ar-filled glove box with
lithium metal as counter and reference electrodes. LiPFs (1 M) in a 3:7 volume ratio of
ethylene carbonate and ethyl methyl carbonate (Kishida Chemical Co., Ltd.) was used as
the electrolyte. The laminate-type cell was assembled in the same manner as previously
reported.’? Galvanostatic charge/discharge measurements were conducted from 0.2C (C
=170 mA/g) to 50C rates at 25 °C after a pretreatment of one cycle at a 0.2C rate and two
cycles at a 0.5C rate. The cut-off voltage was set at 4.3 V on the charge and 2.0 V on the
discharge.

Time-resolved X-ray diffraction (TR-XRD) measurements were performed at a beam line
BL28XU of SPring-8 using a 1D detector (Mythen 1K, Dectris). The wavelength was set
at 0.619862(2) A, which was calibrated using CeO:. The TR-XRD data were collected in

the 20 range of 10 to 13° with an exposure time of 1 s every 15 s.

First-principles calculations were performed using the projector augmented wave (PAW)
method,* 15 as implemented in the VASP code.!®!® The configurations of the valence
electrons in the PAW potentials are 2s! for Li, 3p® 3d° 4s? for Fe, 3s? 3p? for D, 4s? 4p° 4d?
5s? for Zr and 3s? 3p? for Si, 252 2p* for O, respectively. All calculations were carried out
under spin-polarized ferromagnetic conditions. GGA+U approach! was used to take
into account strong correlation effect of 3d orbital. The value of U potential for Fe 3d
orbital was set to be 4.3 eV.2° This value is equal to an averaged one of the U parameters
for Fe?* and Fe¥.2! Crystal structures were fully optimized until that all residual forces
acting on atoms become smaller than 0.02 eV/A. Supercell models, those size is 1 x 1 x 2
of a LiFePOs unit cell composed of 56 atoms, were constructed for computation of the
Li(Feo9sZr005)(PosSio1)Os system. One Zr and two Si atoms were simultaneously
substituted for the sites of Fe and P in the supercell, respectively. In total 28 kinds of co-
doped models (LisFe7ZrPsSi2Os2) with symmetrically nonequivalent configurations of Zr
and Si atoms were calculated. From the series of structure optimization calculations of

the co-doped supercells, the most stable configuration was determined as shown in
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Figure 2.1. This model was used for detail investigation.

FeO,

/

Li

PO,

Figure 2.1. The most stable configuration of Zr and Si among the co-doped models of LisFerZrPsSi2O32
found by the present DFT calculations.

2.3. Results and Discussion

The lattice parameters of each sample were similar to those reported previously, and the
lattice volume change between the two phases decreases from 6.6% to 6.3% after the

dual-substitution, as summarized in Table 2.113.

Table 2.1. Lattice constants and volume change between lithiated and delithiated phases of LiFePO4 and
Li(Feo.95Zr0.05)(P0.9Si0.1)Os calculated from the electrochemically delithiated samples of LiosFePOs and
Lios(Feo.95Zr0.05)(P0.9510.1)Os, respectively.

a[Al b [A] c[A] VIA] INZAYARA!
LiFePO: 10.3262(8)  6.0048(5)  4.6908(0)  290.86(6) -
FePO: 9.8177(0)  5.7894(9)  4.7816(3)  271.78(5) 6.6

Li(FeossZroos)(PosSio)Os  10.3140(3)  6.0007(5)  4.6919(8)  290.39(6) -
(Feos5Zr00s)(PosSin1) Oa 9.8280(7)  5.7944(1)  4.7800(4)  272.21(3) 6.3

The dual-substitution of LiFePOs provides considerable enhancement of the rate
performance of the material, as shown in Figure 2.2. At a low rate of 1C, both LiFePOu
and Li(Feo.95Zr005)(P0.9Si0o1)Os show almost the same capacity of 120 mAh/g. The voltage

curves of the two materials are exactly overlapping except for at the beginning of the
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charge and the end of the discharge. However, this fractional feature does not
significantly influence the obtained capacity. At the high rate of 10C, the capacity of
Li(Feo95Z10.05)(PosSio1)Os is maintained at 90 mAh/g, although that of LiFePOs falls to 75
mAh/g. The difference between the capacities of the materials grows larger with
increasing current rates, and Li(Feo9ssZr0.05)(PP09Sio1)Os can charge and discharge 1.1-4.4

times longer than that of LiFePOu at rate greater than 10 C.
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Figure 2.2. Rate performance under galvanostatic charge/discharge cycling. (a) Voltage curves at rates of
1C (top) and 10C (bottom) for LiFePOs and Li(Feo.95Zr0.05)(P09Si0.1)Os. (b) Discharge capacities at various
C-rates for LiFePOa and Li(Feo.95Zr0.05)(P0.95i01)Os. The gray line and rectangle, and red line and circle
denote LiFePOu and Li(Feo.95Z10.05)(Po9Sio1)Os, respectively.

In addition, quasi-open-circuit-voltage (quasi-OCV) measurements showed that the
overpotential of Li(FeossZro0s)(PosSio1)Os is smaller than that of LiFePOs, indicating that
the intercalation reaction of Li(Feo.s5Zro.05)(P09Si0.1)Os is faster than that of LiFePOs (Figure
2.3). Note that the dual-substituted electrode exhibited improved rate capability without

sacrificing accumulated capacity at low rates.
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Figure 2.3. (a) Quasi-OCV curves and (b) their magnification of LiFePOs and Li(Feo.95Z70.05)(P0.9Si0.1)Oa.
The gray and red lines denote data from LiFePOu and Li(Feo.95Zr0.05)(P0.9Si0.1)Os, respectively.

For the static condition, two-phase behavior was observed in both samples. The
diffraction patterns originating from the isolated two phases and the flat voltage of the
quasi-OCV after relaxation represent a typical two-phase nature (Figure 2.3and Figure
2.4). It was found that the particle size as well as the crystalline size are around 100 nm
for both LiFePOs and Li(FeosZro0s5)(P0sSio1)Os due to XRD patterns and SEM images of
the pristine samples (Figure 2.4 and Figure 2.5).
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Figure 2.4. ex-situ XRD patterns of (a) LiFePOu and (b) Li(Feo95Zr0.05)(P0.9Si01)Os. All samples were
prepared for the first charge process and relaxed under an open circuit for 48 h with electrochemically

delithiated electrodes.

"-i.(s

500 nm

Figure 2.5. SEM images of (a) LiFePOs and (b) Li(Feo.95Zr0.05)(P0.9Si0.1) Ox.

The dynamic phase transition was examined under battery operation at the high rate of
10C by time-resolved XRD measurement. In both samples the metastable intermediate
solid solution phase (LxFP) was observed in addition to the LFP and the FP during
galvanostatic charge/discharge cycling, as shown in Figure 2.6. However, the metastable
intermediate solid solution phase in LiFePOs emerges only under a narrow range of
conditions (the end of the discharge and beginning of the charge), whereas the
metastable intermediate solid solution phase in Li(Feo9sZroos)(PosSio1)Os exists over a
wide range of conditions. The peak position of the metastable intermediate solid solution

phase continuously shifts, indicating a quasi single-phase reaction.
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Figure 2.6. TR-XRD patterns during galvanostatic charge/discharge cycling at a high rate of 10C.
Charging process from the 2nd to the 5th cycle of (a) LiFePOs and (b) Li(Feo.95Zr0.05)(P09Si0.1)Os. The XRD
patterns during the 2nd charge process for (c) LiFePOs and (d) Li(Feo.s5Zr0.05)(P0.95i0.1)Ox.

A schematic illustration of the improved rate performance of LiFePOs by dual-
substitution with zirconium and silicon is shown in Figure 2.7. Dual-substitution
reduces the lattice volume change of LiFePOs between LFP and FP phases from 6.6% to
6.3%. Reduction of the lattice strain at the phase boundary leads to enhanced rate
capability because the quasi single-phase reaction proceeds over a wide Li compositional
range. Once the phase transition barrier is removed, Li ion transport occurs
homogeneously in the host structure.???* Because Li-ion insertion/extraction is not
restricted within phase boundaries, the specific surface area for the single-phase reaction

is larger than that for the two-phase reaction. The competing disproportionation reaction
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model can be applied to Li(FeossZroos)(PosSio1)Os as well as LiFePOs to explain the
influence of the metastable intermediate solid solution phase.?> When the metastable
intermediate solid solution phase evolves during the reaction under high current rates,
itis more stable in Li(Fe095Zro0s)(P0sSio1)Os than in LiFePOs due to smaller strain energies
within the phase boundary. The slow phase decomposition to two isolated phases
enables the extensive participation of the metastable intermediate solid solution phase

in Li(Feo095Zr0.05)(P0.9Si0.1)Oa.
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Figure 2.7. Phase transition model for LiFePOs and Li(FeossZro0s)(PosSio1)Os under high rate
chargeldischarge cycling.

With decreasing temperature, the enhancement of the rate performance is smaller in

Li(Feo95Z10.05)(P0sSio1)Os as shown in Figure 2.8. As the metastable intermediate phase of
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LiFePOs is no longer the transient solid solution and predominant throughout the phase
transition at -5°C,? the difference of the lattice volume change for both samples is
irrelevant to the rate performance at lower temperature. This supports the role of the
metastable intermediate phase being responsible for the phase transition kinetics. Note
that both samples have almost the same particle size, around 100 nm, indicating that

particle size effects? > are negligible.
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Figure 2.8. Temperature dependent discharge capacity at various C-rates for LiFePOs and
Li(Feo.95Zr0.05)(P0.9510.1)O4. The blue and red lines denote data from LiFePO4 and Li(Feo.95Zr0.05)(P0.9Si0.1)Os,
respectively. The data at 25°C shown in Figure 2.2 displays as reference.

The dual-substitution effect by specific elements of Zr and Si was investigated by first
principle calculation. The DOS calculation for both samples was conducted as shown in
Figure 2.9. The supercell model was applied to Li(Feo95Zro0s)(P0sSio1)Os and the formula
unit is LisFe7ZrPeSi203. The calculated band gap of LiFePO4 is 3.7 eV, corresponding to
the previous report.?® For LisFe7ZrPsSi2Oz, isolated impurity states of Zr appears near
the Fermi level and reduces the band gap to 2.8 eV. The narrow band gap might provide
the high electronic conductivity, which contributes to triggering the fast charge transfer
and the subsequent crystal structure change. The Fe?*/Fe’ redox potential is slightly
lower in LisFe7ZrPeSi>Oz (3.30 V) than in LiFePOs (3.38 V, Table 2.2), as a result of the
inductive effect from oxygen forming weaker bonds within (PosSio.1)O4*1- than PO4*. This

is consistent with the quasi-OCV measurements (Figure 2.3).
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Figure 2.9. Density of states of all elements in the initial state. (a) LiFePOs and (b) LisFe7ZrPsSi2Os2. Green,
brown, purple, red, light blue, and blue denote Li, Fe, P, O, Zr, and Si, respectively.

Table 2.2. Parameters of LiFePOu and LisFerZrPsSi20s32 obtained from DFT calculations.

LiFePOu4 LisFe7ZrP6Si2032

Band gap 3.7eV 2.8 eV
Voltage vs. Li*/Li 3.38V 330V

Volume change between lithiated and

3.8% 2.5%
delithiated phase

The migration energy was also calculated depending on Li-ion diffusion pathways for
both samples as shown in Figure 2.10. For LiFePOs, one type of the diffusion pathway
was found and the maximum migration energy is 0.35 eV, while for LisFe7ZrPsSi20s, four
types of the diffusion pathways were found and the maximum migration energy is 0.38—
0.56 eV. In the olivine structure, Li ions transport along one direction’” so that the
maximum value of the migration energy governs the diffusivity. As there is no
advantage for the doped sample, it is suggested the Li intercalation kinetics strongly
depends on the phase transition rate, not the diffusion effect within the material. The
metastable intermediate phase, which determines the rate capability, vanishes after 30
minutes during the relaxation condition.!? It is doubtful that the parameters obtained
from the relaxation condition are crucial to understand the intercalation reaction with

the participation of the metastable intermediate phase.
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Figure 2.10. Crystal structure of (a) LiFePOs and (b) LisFesZrPsSi2Os2. Green, brown, purple, red, light
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tetravalent Zr is higher than that of divalent or trivalent Fe due to the repulsion with Li ion.
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2.4. Conclusion

Dual-substitution with reduced lattice mismatch in LiFePOs enhances the cycle life'> and
maintains the rate performance by preserving the intrinsic nature of the material. This

finding is important for the design of materials with fast charge/discharge characteristics.
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Chapter 3.
Current-induced hysteretic phase transition behavior via

intermediate solid solution phase in LiFePO,

Lithium-ion batteries play a fundamental role in social infrastructure and electric
vehicles. The promising electrode material of LiFePOu exhibits high-rate performance
due to the crucial but controversial act of the metastable intermediate phase in addition
to the end-member of the two phases at room temperature. Here we demonstrate the
electrochemical and crystal structural behavior of the intermediate phase in Li:FePOa to
be thermodynamically stable at elevated temperature. The current-induced intermediate
phase is detected by operando X-ray diffraction using molten salt electrolyte at 230°C and
shows the hysteretic charge/discharge characteristics. The nucleation of the intermediate
phase occurs at its composition of x = 0.64-0.65 on the independent reaction direction.
Both the composition of the intermediate phase and the total composition of LixFePOs
does equal on the charge and does not on the discharge. This discrepancy produces the
unexpected results that the sequential phase transition via the intermediate phase as a
single phase proceeds on the charge, but the three phases coexist in a whole reaction on
the discharge. The charge process is a kinetically favorable direction for a current-
induced phase transition being responsible for the intermediate phase. This phase
transition mechanism could be deduced to the actual environment. The formation of the
intermediate phase is important as its further stabilization leads to an extension of a

single phase reaction, realizing high-rate electrode materials.
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3.1. Introduction

Phase transition mechanism within topochemical intercalation materials has been
widely studied in energy devices.! For Li-ion batteries, along with Li compositional
change, the phase separation occurs in the two-phase system while the lattice constant
varies with the Vegard’s low in the solid solution system. The phase boundary between
two phases restricts the specific surface area for Li diffusion and hinders the high-rate
cycling due to the activation process induced by the strain energy.*> Although the two-
phase materials have the disadvantage for the high-rate characteristics, extraordinary
phase transition via a new phase in addition to the original two phases has been
observed®® and becomes a bypass to the low energy route under the high current density.
This phenomenon is far from those expected on a basis of equilibrium thermodynamics.
The rate-dependent phase transition mechanism is a key to understand the fast

intercalation kinetics.

LiFePOs is a model phase transition material with the two phase character that each of
Li-rich (LFP) and Li-poor (FP) phase, being isostructural with olivine, is responsible for
the charge transfer within the intercalation reaction processes’. These end-members
deviate slightly from stoichiometric LiFePOs and FePOs, having the solid solution range
across a large miscibility gap under an equilibrium state at room temperature!?. During
high rate cycling, density functional theory' and electrochemical phase-field model*
predict suppression of phase separation and possibility of a solid-solution pathway.
Above a critical current density, a single phase reaction extended by the solid solution
range of the end-members proceeds without phase separation that hinders the
homogeneous Li diffusion. This is also confirmed by experimental results'3'.
Meanwhile, the explanation based on the Gibbs energy!® allows emergence of a new
phase in a non-equilibrium state, and the metastable intermediate phase of Li:FePOs
which participates in the electrochemical reaction as the third phase has been observed®
1721, The composition of the metastable intermediate phase is x = 0.6-0.7, corresponding
to that of the eutectoid point?»2. More specifically, Li2sFePOs has a long-range ordering
superstructure? and shows the extremely high electronic conductivity?. The metastable
intermediate phase accelerates the reaction kinetics to act as a buffer layer that moderates
the lattice mismatch between the two phases. Nevertheless, the quantitative analysis for
the kinetics of the intermediate phase is inherent in difficulties of direct observation

during electrochemical reactions at room temperature.
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Here we investigated the phase transition mechanism via the intermediate phase as a
thermodynamically stable phase at elevated temperature using operando X-ray
diffraction to be deduced the deep insight at room temperature. The origin of the
metastable intermediate phase is regarded as the eutectoid point at high temperature,
above which the intermediate phase (LxFP) involves the phase transition in addition to
LFP and FP as the thermodynamically stable phase. As the eutectoid temperature is
200°C based on the phase diagram?, the measurement environment above 200°C must

be prepared.

At around 100°C, LiBOB/EC electrolyte was used and provided good cyclabilitiy?* and
rate performance”. Above 150°C, however, EC-based electrolyte is unstable
thermodynamically so that a molten salt electrolyte is necessary. A modified Swagelok
cell with the two electrode system being absent from any binder allowed LiFePOs to be
successfully cycled using LiTFSA as electrolyte, although the expected two-phase (LFP
+ FP) to one-phase (LxFP) transition could not be detected at 230-250°C2.

We assembled a beaker type three electrode cell to estimate the precise electrode
potential as well as to minimize the solution resistance. A binary molten salt consisted
of LiTFSA and CsTFSA works as an excellent electrolyte at moderate temperature that
exhibits low melting point (below 100°C)* and high ionic conductivity®. Li—Al alloy has
the ability to replace lithium metal as the counter electrode and even the reference
electrode, which can store and release lithium-ion without showing any significant
polarization®. An X-ray diffractometer built-in atmosphere control glove box device
enables this open operating system to apply a confocal X-ray diffraction (XRD) method

to avoid the absorption from caesium, tracking the phase transition reaction.

3.2. Experimental

3.2.1. Cell preparation

LiFePOswas purchased and characterized by SEM, and XRD (Figure 3.1, Figure 3.2, and
Table 3.1). The working electrode was a composite of 90 wt% LiFePOs, 5 wt% acetylene
black (Denka Company Limited), and 5 wt% polyamic acid (IST), which is a precursor
of polyimide binder. The composite was cast onto Al foil current collector and heated up
to 260°C in vacuum for 3 h to form polyimide from polyamic acid. The electrolyte was a

binary molten salt mixture which is consisted of 20 mol% lithium
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bis(trifluoromethanesulfonyl) = amide  (LiTFSA) and 80 mol%  caesium
bis(trifluoromethanesulfonyl) amide (CsTFSA). Li metal was used as the counter and
reference electrodes for measurements at 170°C. Li-Al alloy was prepared by an
electrochemical method that the Al wire was lithiated to 60 mol% in the molten mixture
LiTFSA-CsTFSA at 160°C and used as the counter and reference electrodes for
measurements at 200°C and 230°C (Figure 3.3).
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Figure 3.1. Synchrotron XRD patterns of the pristine LiFePOspowder. The wavelength was set at
0.3875(4) A. Space group is Prnma. The refined lattice parameters are a = 10.3480(1) A, b=6.0181(7) 4, ¢
=4.69968(6) A, and V = 292.67(4) A>.
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Figure 3.2. SEM image of the pristine LiFePOs powder. The particle size is a few hundreds micro meter.

Table 3.1. Refined crystal parameters and reliability factors in Rietveld analysis of the pristine
LiFePO+ powders.

Atom  Wyckoff g 1 100*Uso / A2
Li 4a 1 0 0 0 3.926
Fe 4c 1 0.2820(1) 0.25 0.9738(3) 0.738
P 4c 1 0.0946(2) 0.25 0.4182(5) 1.372
o) 4c 1 0.0973(4) 0.25 0.7394(9) 0.305
0Q) 4c 1 0.4548(5) 0.25 0.2086(7) 0.874
0(3) 8d 1 0.1643(3)  0.0481(5)  0.2843(5) 0.358
Rup =4.54% Rp=3.45%
(a) (b)
25 T~ 1 T~ 1 1T 17T T " T "] 04 I I I I
> I ] I 0.40
~ 15[ 1 2 03 038 ]
(2] [ Q
g o (E :
S 10F 7 % 0.34 1
= > 02 032 ]
05 ] 1 030 =777 1
[ ] 0o 5 10 1 20 25
ool .+ .00 1] 0.1 I S T S
00 01 02 03 04 05 06 07 0 5 10 15 20 25

Figure 3.3. Electrochemical preparation of LiAl alloy for counter and reference electrodes. (1) The
voltage curve of lithiation into Al metal to prepare a LiAl alloy electrode within LiTFSA : CsSTFSA =20 :
80 (mol%) electrolyte at 160°C. Current density was 99.4 mA g1. (b) The voltage relaxation after the
completion of LiAl alloy.

3.2.2. Electrochemical measurements

Galvanostatic charge/discharge measurements were conducted from 1 C (= 170 mA/g) to
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30 C rates at certain temperature. The cut-off potential was set on 2.8-3.8 V vs. Li*/Li

using the conversion formula.??

3.2.3. High-temperature operando XRD

Operando XRD measurements were performed a standard reflection mode geometry at a
beamline BL28XU of SPring-8 (Japan). An in-vacuum tapered undulator offers quasi-
monochromatic X-rays. Four Si-coated mirrors with Rh and Pt stripes allow the X-rays
to be focused and very low divergence. The X-rays with the target energy were selected
by a Si (111) channel-cut crystal with a narrow gap due to the high brilliance of the beam.
The incident X-ray energy was set at 32.0 keV with a beam size of 0.2 mm (V) x 0.5 mm
(H). The data were collected by using Ce*-doped yttrium aluminum perovskite
scintillation detector system (OKEN Co., Ltd., Japan) with an exposure time of 1.3 s for
each step. A 6-20 scan was conducted in 20 values of between 7.2° and 7.76° by a step of
0.004°. The electrochemical cell with a temperature-controlled unit was placed in an Ar-
filled glove box integrated diffractometer during measurements. The detailed setup is

shown in Figure 3.4. The battery cell was worked under the current rate 1 C at 230°C.
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Figure 3.4. The environment of operando XRD measurement. The electrochemical cell was put in the

Ar filled glove box integrated diffractometer. X-ray goes through underneath the cell.

3.3. Results and Discussion

Involvement of the intermediate phase with increasing temperature is shown in Figure
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3.5. The three measurement temperatures were selected based on the phase diagram?:
170, 200, and 230°C correspond to below, at, and above the eutectoid temperature,
respectively. For the differential capacity plots converted from the charge/discharge
curves, there is a pair of a single peak for both of the cathodic/anodic reactions at 170°C.
At 200 and 230°C, on the other hand, peak separation was found in either of the reaction
direction. As a single peak of redox pair splits into two peaks passing through the
eutectoid temperature, formation of the intermediate phase is expected of the phase
diagram.??2 The two distinct peaks imply two-step phase transition between LFP + LxFP
and LxFP + FP. To our knowledge, this is the first time to be detected electrochemically
the current-induced intermediate phase as a thermodynamically stable phase, whereas
no peak splitting was observed in electrochemical intercalation of LiFePOs at 230°C.%
Note that the molten salt electrolyte we used is electrochemically unstable in a certain
extent so that the decomposition reaction is included during the cycle, resulting in an

excess of the theoretical capacity.
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Figure 3.5. Electrochemical properties at elevated temperatures. Galvanostatic charge/discharge
curves with their differential capacity plots at (a) 170°C, (b) 200°C, and (c) 230°C. Solid lines and dashed
line denote the charge/discharge process, respectively. Current density was 17.0 mAg? (1C) for all samples.
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The characteristics of the dQ/dV plots is further investigated after the normalization to
each obtained capacity. The total composition of a local minimum/maximum is 55% on
the charge at 200°C, and 55% on the charge and 45% on the discharge at 230°C (Figure
3.6). With an assumption that the fully charged/discharged state is regarded as the one
lithium extraction/insertion, these compositional range is x = 0.45-0.55. The amount of
the intermediate phase would maximize at the local minimum/maximum in the dQ/dV
plots if the many-particle model is assumed.? This maximum point is different from the
eutectoid point of x = 0.6 predicted by the phase diagram? or the value of x = 0.6-0.7

observed by high-rate cycling at room temperature.® 1719

(a) (b) (©)
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x ~ 043
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Figure 3.6. The differential capacity plots. (a) 170°C, (b) 200°C, and (c) 230°C. Normalized capacity
is calculated based on the assumption that the obtained charge/discharge capacity corresponds to the

theoretical one. Current density was 17.0 mAg™ (1C) for all samples.

The hysteretic behavior is observed during the electrochemical intercalation reaction
(Figure 3.5). At 200°C, the two separated peaks are found on the charge but not on the
discharge. The two-step phase transition via the current-induced intermediate phase, as
mentioned above, would be more pronounced on the charge than on the discharge.
Intercalation battery materials show the inherent hysteretic behavior even at an
equilibrium state.® Although a certain temperature should produce the same
thermodynamic stability in the system, the potential profiles strongly depend on the
compositional direction. The asymmetric charge/discharge behavior has been observed
at the particle level that there are reaction heterogeneities during the charge but they are
suppressed during the discharge,'® 3 which is consistent with theoretical predictions.!>
% Moreover, the peaks on the charge are sharper than those on the discharge at 230°C.

The broad potential distribution on the discharge may reflect a concurrent intercalation

47



pathway.* This result suggests the possibility of the hysteretic phase transition pathway

due to the participation of the intermediate phase.

The rate-dependent dQ/dV plots converted from the galvanostatic charge/discharge
curves at 230°C (Figure 3.7) offers the kinetic behavior of the intermediate phase. The
four individual peak in Figure 3.7b moves toward the direction along with the applied
current and each potential is plotted in Figure 3.8. The polarization derived from the
slope on the charge is slightly smaller than that of the discharge, which is consistent with
the result at room temperature.”” The zero-current potential is almost the same in both
of the charge (3.1415 V) and discharge (3.1413 V) calculated from the intersection but
very slightly higher on the charge, indicating the hysteresis at an equilibrium state.®
Figure 3.8b shows the produced capacity until the local minimum/maximum in dQ/dV
curves on the charge/discharge. As the charge capacity located in the first peak is higher
than that on the discharge, the phase transition front might be shifted more forward on

the charge, leading to the continuous phase transition.
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Figure 3.7. Rate dependent (a) galvanostatic charge/discharge curves with (b) their differential
capacity plots at 230°C.
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Figure 3.8. (a) Potential plots of the local minimum/maximum in dQ/dV curves at various C-rates at 230°C.
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equilibrium, respectively. (b) Capacity plots of the local minimum/maximum in dQ/dV curves on the

chargel/discharge, respectively, at various C-rates at 230°C. Dashed lines are a guide to the eye.

To understand the crystal structure change via the intermediate phase, operando XRD
measurement was performed at 230°C as shown in Figure 3.9. At this temperature, the
intermediate phase is thermodynamically stable?> 2. The intermediate phase is observed
on both of the charge/discharge as a crystalline phase and its behavior is completely
different between the charge/discharge. With an assumption that Vegard’s law can be
applied in the three phases including the intermediate phase, their Li composition is
determined as shown in Figure 3.10. On the charge, the stepwise phase transition
proceeds along with the large compositional change of the intermediate phase from x =
0.64 to x = 0.47, whereas on the discharge, the three phase coexistence reaction occurs in
a wide range, as the compositional change of the intermediate phase is restricted in x =
0.65 — 0.74. It is a noteworthy fact that the nucleation initially occurs in the reaction and
the composition of the nucleus is almost the same as x = 0.66. LizsFePOs is found in its
superstructure?* and is similar to the composition of the eutectoid point® and of the
phase boundary!®%. The amount of the intermediate phase, however, might maximize
at the total composition of x = 0.45 — 0.55 and is more on the charge, as shown in Figure
3.11. Considering the coherency strain model¥, the composition in which the Gibbs free
energy in coherent two-phase coexistence maximizes is x ~ 0.4, lower than that in which
the Gibbs free energy in a homogeneous phase locally minimizes. This is not inconsistent

with the nucleation and growth model®. This compositional discrepancy originates the
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hysteretic behavior between the sequential phase transition on the charge and the

coexistence of three phases on the discharge.
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Figure 3.9. operando XRD patterns during (a) the charge and (b) discharge at 230°C. The intensity

indicates in color scale that the red is high and blue is low. Dashed lines are a guide for each phase position.
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Figure 3.11. The intensity of the intermediate solid solution phase during (a) charge and (b) discharge at
230°C.

Figure 3.12 illustrates the hysteretic phase transition in LixFePOs. On the charge, as the
intermediate phase whose composition is x = 0.64 emerges, its amount increases toward
the total composition of x = 0.5. The intermediate phase takes great responsible for the
phase transition reaction with the contact of these composition. Once the single phase
forms in the system, the high speed phase transition route can be accessible. The lattice
mismatch is shrinking through the reaction. The nucleation composition on the
discharge is equal to that on the charge and the growth reaction evolves. However, the
composition of the intermediate phase is far away from the total composition, which
hinders the sequential phase transition as seen on the charge. Consequentlu, FP remains
to the end of the reaction, which generates the larger lattice strain than that on the charge

at the phase boundary.
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Figure 3.12. Phase transition model within the stable solid solution phase. (1) X-axis is the total
composition of LixFePOs and y-axis is the composition of the intermediate phase of LixFePOs. On the charge,

these two have the same value, resulting in the solid solution reaction. On the discharge, however, they are

different, resulting in the phase separation.

Our findings about the intermediate phase help with creating the high-power electrode
materials. The metastable intermediate phase at room temperature freezes on the
discharge'’, which is explained as mentioned above. The electrode material whose

intermediate phase is stabilized in the wide Li compositional range should exhibit the
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high rate performance. Indeed, the rate characteristics on the charge is superior to that
on the discharge (Figure 3.13), restricting the practical capacity by the discharge one. The
improvement of the rate-determining discharge process has the potential to be the faster

phase transition kinetics.
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Figure 3.13. Rate capability of charge or discharge separately at room temperature. The charge
profiles are obtained under the fixed discharge rate of 0.2C and the discharge ones are obtained under the
fixed charge rate of 0.2C.

3.4. Conclusion

We investigated the intermediate phase of LiFePOs as a function of temperature where
the intermediate phase exists as a thermodynamically stable phase to understand the
phase transition mechanism, which has not been clarified at room temperature. The
intermediate phase as a thermodynamically stable phase is detected electrochemically
at 230°C for the first time. The operando XRD was conducted to track the crystal structure
change using an X-ray diffractometer built-in atmosphere control glove box device. On
the charge, the intermediate phase emerges at the compositional range of x = 0.64-0.47,
the reaction proceeding sequentially like LFP -> LFP + LxFP -> LxFP -> LxFP + FP -> FP.
On the discharge, the intermediate phase emerges at the compositional range of x =0.64—
0.47, the reaction proceeding to keep with the three phase coexistence. The nucleation
occurs at x = 0.64-65 on both of the direction, and the amount of the intermediate phase
maximizes at the total composition of x =0.49 on the charge and x = 0.46 on the discharge.
The composition of x = 0.6-0.7 is consistent with that of the eutectoid point in which the
intermediate phase exists most stable thermodynamically. The two phase coexistence is

most unstable at the composition of x = 0.4-0.5. Combining the prediction from the rate-
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dependent galvanostatic tests, the charge process is the kinetically favorable direction.
Indeed, the rate performance test evaluating the charge/discharge individually shows
that the charge is faster than the discharge at room temperature. The involvement of the
intermediate phase originates the current-induced hysteretic behavior, elucidating that
the capacity of LiFePOs is limited to the discharge process. LiFePOs has the potential to
enhance the rate capability furthermore by the approach that the intermediate phase is

stabilized the wider compositional range.
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Chapter 4.
Stabilization of Intermediate Phase in LiFePO, for High-

power Li-ion batteries

Fast battery charge/discharge properties strongly depend on the phase transition
kinetics. The two-phase material of LiFePOs exhibits an excellent rate performance due
to the participation of the metastable intermediate phase as a third phase, although the
large lattice volume change between two phases exist. Li(Feo95Zro.05)(Po9Sio1)Os, which is
dual-substituted LiFePOs: with zirconium and silicon to reduce the lattice mismatch,
have shown the high-rate performance as well as the long-cycle life. In this study, we
investigated the characteristics of the intermediate phase in Li(FeossZroos)(PosSio1)Os at
room and elevated temperature. Operando X-ray diffraction at room temperature reveals
the metastable intermediate phase is responsible for the long range of Li composition as
well as the wide solid solution by the dual-substitution. The thermal properties of the
intermediate phase were evaluated at elevated temperature. The intermediate phase,
whose composition corresponds to the eutectoid point, is thermodynamically stable by
30°C, which is roughly corresponding to 300 J/mol, in Li(FeosZroos)(PosSio1)Os. The
stabilized intermediate phase is easily accessed during the fast charge/discharge and the
bypass for the accelerated phase transition route. The stabilization of the intermediate
phase kinetically as well as thermodynamically is a key to enhance the rate capability

and provides the new approach for material exploration.
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4.1. Introduction

LiFePOs has overcome its low electronic/ionic conductivity, being commercialized and
the major cathode material. The electrochemical performance of LiFePOs have been
improved especially by the carbon-coating! and the nano-sizing?. The reduction of the
particle size increases the surface area and shortens the diffusion distance as well as
changes the thermodynamic property®¢. LixFePOs decomposes into the end members of
Li-rich phase (LFP) and Li-poor phase (FP) with some extent of the solid solution range
at an equilibrium’. The large miscibility gap characterizes LiFePOs as the two-phase
material. Although the intercalation reaction proceeds via the two-phase reaction at low
rates, the metastable intermediate phase participates in the electrochemical reaction as a
new phase with high current density. The composition of the metastable intermediate

phase is x = 0.61-0.66, corresponding to that of the eutectoid point?®.

The substitution at the Li site enhances the rate performance at high rates with
diminishing the voltage plateau, although it significantly decreases the reversible
capacity at low rates® 10. The substitution at the Fe site is also considered!">, but the rate
performance is at most comparable to that of un-substituted material. Recent research
has reported that Li(FeossZroos)(PosSio1)Os, which is dual-substituted LiFePOs with
zirconium and silicon to reduce the lattice mismatch, shows the excellent cycle life'® as
well as the high rate performance”. The metastable intermediate phase plays an
important role for the continuous phase transition that the slow two-phase kinetics leads
to the fast single-phase reaction with moderation of the phase boundary strain. Here we
investigated the further phase transition mechanism of the intermediate phase in

Li(Fev95Z10.05)(P0sSi01)Os at room and elevated temperature.

4.2. Experimental

Both LiFePOs and Li(Feo9ssZroos)(PosSio1)Os were synthesized in the same manner as
reported?”. The cathode materials for the electrochemical tests at room temperature were
prepared by mixing 80% active material, 10% carbon black (Denka), and 10%
polyvinylidene fluoride (PVDF) (Kureha) with 1-methyl-2-pyrrolidinone solvent (Wako).
The composite electrodes were placed in laminate-typed cells in an Ar-filled glovebox
with lithium metal as the counter electrodes. LiPFs (1 M) in a 3:7 volume ratio of ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) (Kishida) was used as the electrolyte.

58



Time-resolved XRD measurements were performed at SPring-8 with a wavelength of
0.619862(2) A using a 1D detector, MYTHEN 1K. The data were collected in the 20 range
of 10° to 13° with an exposure time of 1 s every 60 s (1C) and 15 s (10C).

The temperature-controlled XRD under Ar atmosphere was performed at the range from
25°C to 300°C with the Li concentration of x=0.66. The collection of the 2theta range is
from 29.0° to 31.5° with CuKa radiation.

The cathode materials for the electrochemical tests at high temperature were prepared
by mixing 80% active material, 10% carbon black, and 10% polyimmide binder with n-
methyl pyrrolidione. A binary molten salt electrolyte based on M(SO2CFs)2 (M = Li, Cs)
was used as the electrolyte. The galvanostatic charge-discharge was performed between
150°C and 170°C.

4.3. Results and Discussion

Rate-dependent phase transition reactions are shown in Figure 4.1 and Figure 4.2. At a
low rate of 1C, the typical two phase reaction occurs in LiFePOs (Figure 4.1a). The phase
transition during the charge/discharge is almost symmetric and the lattice constant is
independent of Li concentration. The reaction in Li(Feo95Zro.05)(Po9Sio1)Os shows a bit
difference from the undoped one. The lattice constant of LFP on the discharge when LFP
evolves as a new phase quite shifts toward FP and the range of the two phase coexistence
is shortened. Nevertheless, this characteristic is not influential for the rate capability at
lower rates of 1C."” The charge/discharge processes for Li(Feo.ssZr0.05)(P09Si01)Os classifies
two phase reaction in the same as LiFePOu. In contrast, the reaction for the LiMnyFe1yPOu

system includes the intermediate phase despite a low rate of 0.1C.1518

At a high rate of 10C, the phase transition mechanism in both cathodes depends on the
involvement of the metastable intermediate phase. The metastable intermediate phase
whose composition is x = 0.61-0.66 evolves as a third phase under high rate cycling, as
reported by Orikasa et al.'” The third phase appears at high temperature® 2’ 2! and even
at low temperature.? Thus, we analyze the obtained XRD patterns with the three phases.
To determine the composition, Vegard’s law is applied as an assumption. In LiFePOs,
LxFP emerges at the end of the discharge after the 1st cycle and the beginning of the
charge after the 2nd cycle and its lattice constant changes in the composition of x = 0.68

- 0.77. This is unexpectedly the first result how the third phase of LxFP alters its Li
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concentration.

The phase transition for Li(FeossZroos)(PosSio1)Os continuously proceeds via the
metastable intermediate phase that takes great responsible for the electrochemical
reaction. LxFP emerges from the beginning of the 1st charge and its lattice constant
changes in the composition of x = 0.63 — 0.86. The metastable intermediate phase with
the wider compositional range produces the consecutive phase transition to relax the
large volume change between LFP and FP. This suggests that Li(FeossZro.05)(P09Sio.1)Os
shows the higher rate capability than that of LiFePOs to realize the fast phase transition
that LxFP acts extensively as a buffer layer to reduce the lattice strain. The different
behavior of the metastable intermediate phase for both cathodes explains the rate
performance under high rates. The composition of the metastable intermediate phase
leans on LFP rather than on FP, which may result from the formation of the intermediate
solid solution phase that appears lower temperature on high Li concentration.® 20 This

distribution is good agreement with the electrochemical phase-field model.
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Figure 4.1. Time-resolved XRD patterns during charge/discharge cycling. (a) LiFePO4 and (b)
Li(Feo.95Zr0.05)(P0.95i0.1)O4 at a low rate of 1C and (c) LiFePOs and (d) Li(Feo.s5Zr0.05)(Po9Sio1)Ox« at a high
rate of 10C during the first two charge/discharge cycles.
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Figure 4.2. Time-resolved XRD patterns during charge/discharge cycling at 25°C. (a) LiFePOs and
(b) Li(Feo.95Zr0.05)(P09Si01)Os at a low rate of 1C and (c) LiFePOs and (d) Li(Feo.95Zr0.05)(Po9Sio.1)Os at a
high rate of 10C during the first two charge/discharge cycles.

When the metastable intermediate phase observed at room temperature relates to the
intermediate solid solution phase based on the phase diagram,® % the properties at high
temperature gives insight into the development of the high rate electrode materials.
Temperature-controlled XRD was conducted at the composition of x = 0.66 as shown in
Figure 4.3. Both LiossFePOus and Lioss(Feo9sZro.0s)(Po.9Sio1)Os consist of only LFP and FP at
room temperature. With increasing temperature, the intermediate solid solution phase
is observed from 170°C in Lio.es(Fe095Z1005)(Po.9Sio1)Os and from 230°C in LioccFePOs. In
the Li(FeossZroos)(PosSio1)Os system, the intermediate solid solution phase is
thermodynamically more stable than LiFePOs. The LiMnyFe1yPOs system involves the
intermediate phase at room temperature,® although the LiisyFeVyPOs involves the

intermediate phase above 100°C.%
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Figure 4.3. Temperature-controlled XRD patterns. LiFePOu at (a) 25°C, (b) 170°C, (c) 230°C and
Li(Feo.95Z10.05)(P0.9Sio.1)O4 at (d) 25°C, (e) 170°C, (f) 230°C.

The electrochemical measurements for Li(Feoss5Zro.0s5)(PosSio1)Os at high temperature were
conducted as shown in Figure 4.4. The obtained capacity decreases with lower
temperature due to the lower ionic conductivity of the molten salt electrolyte. This
electrolyte is electrochemically unstable and exhibits the self-discharge so that the
capacity on the charge is larger than that on the discharge. Nevertheless, we can roughly
estimate the electrode property. LiFePOs shows the current-induced hysteretic behavior
via the intermediate solid solution phase that emerges from 200°C as reported by
Yoshinari et al.’” In Li(Feo95Zro.0s)(PosSio1)Os, the differential capacity plots (Figure 4.4b)
calculated from the charge/discharge curves (Figure 4.4a) show two distinct peaks on
the charge/discharge above 160°C, indicating that the intermediate solid solution phase
involves at lower temperature than in LiFePOu. This is consistent with the obtained

temperature-controlled XRD patterns.
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Figure 4.4. Electrochemical properties at elevated temperatures. (a) Galvanostatic charge/discharge
curves with (b) their differential capacity plots at 150°C, 160°C, and 170°C in Li(Feo.9sZr0.05)(P0.9Si0.1)Ox.
Current density was 17.0 mAg* (1C) for all samples.

Schematic illustration for the Gibbs free energy at room temperature is shown in Figure
4.5. At low current rates, the two phase transition reaction occurs in LiFePOs and
Li(FeossZroos)(PosSio1)Os as observed Figure 4.1a,b. At high current rate, as the non-
equibilium phase transition pathway is selected, the metastable intermediate phase takes
greater responsibility for Li(Feos5Zroos)(PosSio1)Os than for LiFePOs. The difference
originates the enhancement of the rate capability with the consecutive phase transition
in Li(Feo095Zr0.05)(P0.9Si0.1)Ox.

Li(re

095Zf0_o5)(P093,'0 )0
97704/0,

Gibbs free energy

0.0 0.2 04 0.6 0.8 1.0
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Figure 4.5. Schematic illustration of Gibbs free energy curves of LiFePO: and
Li(Feo.95Zt0.05) (P0.9Si0.1) O4.

The idea that the intermediate phase is stabilized kinetically as well as

thermodynamically is a crucial approach to make high-power Li-ion battery electrodes.

4.4. Conclusion

The role of the intermediate phase in LiFePOs and Li(Feo95Zr0.05)(Po9Sio1)Os is analyzed

by combining time-resolved XRD, temperature-controlled XRD, and the electrochemical
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tests at high temperature with the molten salt electrolyte. The metastable intermediate
phase of Li(Feo.ssZro.05)(Po.sSio1)Os participates in a wider compositional range of itself and
the total reaction than that of LiFePOs under high rate cycling, leading to the high rate
performance with the consecutive phase transition. The intermediate phase of
Li(Fev95Z10.05)(P09Si01)Os is also thermodynamically more stable than that of LiFePOas. To
stabilize the intermediate phase kinetically as well as thermodynamically is a key to

develop the high-power Li-ion battery material.
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Chapter 5.
Fast lithium ion intercalation/deintercalation at the
interface between surface-nitrided LiFePO, electrode and

electrolyte

Improving rate performance in lithium ion batteries is important to spread utilization of
electric vehicles and/or energy grids. Because rate-determining step of cathode materials
proceed via a two-phase reaction is nucleation at material surface, surface modification
is a promising approach to improve the rate performance of cathode material in lithium
ion battery. However, the reaction mechanism at the interface between the surface-
modified cathode and electrolyte has not been understood clearly. Herein we prepared
a surface-nitrided LiFePOs thin film and investigated the electrochemical property. Also,
we examined the surficial structure of the surface-nitrided LiFePOs thin film by surface-
sensitive X-ray absorption spectroscopy (XAS) measurements and first principles
calculations, discussing a correlation between the rate performance and the interfacial
reaction. The experiments proved a new energy level formation and extended Fe-O bond
distance at the surface of LiFePOs by the surface-nitride treatment. The electronic and
local structure changes accelerate lithium ions transportation at the interface between

surface-nitrided LiFePOs and electrolyte, improving the rate performance.
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5.1. Introduction

Lithium ion batteries (LIBs) are key for realizing electric vehicles and/or sustainable
energy grids because their energy density is highest among commercially available
batteries!, but further performance improvement is demanded. The rate performance is
a pivotal property of LIBs. LiFePOs exhibits a large capacity at high rates of charge and
discharge.? Although charge and discharge reactions proceed via a two-phase reaction
between LiFePOs and FePOs, which is detrimental for the electrochemical capacity at
higher electrochemical reaction rates,?* reducing the particle size and carbon coating of

the LiFePOs solved this problem.>”

In order to improve the rate performance of two-phase system, controlling the interface
between electrode and electrolyte is important because nucleation reaction at interface
is the starting point.8 In the LiFePOs, the nucleation reaction is considerably slower than
the nuclear growth reaction.®!* Anion surface modification of LiFePO4 has been reported
as a promising approach for accelerating the interfacial reaction.’ It has been predicted
by theoretical calculation that the surface modification of LiFePOs with nitrogen or
sulfur anions changes the electronic and local structure of LiFePOs, reducing the energy
barrier of the interfacial reaction.’>'¢ However, the electronic and local structure of the
surface-modified LiFePOs has not been experimentally investigated, and the mechanism
behind improving the interfacial reaction rate upon anion surface modification is not

clearly understood.

Herein, a correlation among the nucleation behavior, electronic and local structure of
surface-modified LiFePOs was investigated. A surface-nitrided LiFePOs thin-film was
prepared as a model electrode because focus on the interfacial reaction between
electrode and electrolyte in composite electrode is difficult due to the complex three-
dimensional matrix. We measured the surficial structure of the surface-nitrided LiFePOs
thin film by surface-sensitive X-ray absorption spectroscopy (XAS) and discuss the
relationship between the rate performance and the surficial structure by combination of

first principles calculations.
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5.2. Experimental

5.2.1. Synthesis of materials and Electrochemical characterization

The model LiFePOus thin-films electrodes were prepared on Au polycrystalline substrates
using a pulsed laser deposition technique (PLD). A Nd:YAG 4HG laser with a
wavelength of 266 nm was used as the light source. The pulse irradiation frequency was
fixed at 10 Hz, and the laser power was adjusted to 200 mW. LiFePOs (Mitsui Engineering
& Shipbuilding) was pelletized to use as the target. The distance between the target and
substrate was 40 mm. The prepared LiFePOs thin-film was polycrystalline with
thicknesses of 70 nm, respectively, as previously reported.! The preparation of the
LiFePOs thin-films was conducted under Ar of 0.0001 Pa at 923 K for 30 min of deposition
time. For surface-nitrided treatment, the prepared LiFePOs thin-film was annealed at

600°C for 10 min under and NHs atmosphere.

Three-electrode cells were used for electrochemical measurements. The working
electrode was the prepared thin-film electrode, the counter electrode was Li metal and
the reference electrode was Li metal. A 1 mol dm of LiClOs in propylene carbonate was
used as the electrolyte. Galvanostatic measurements were performed at various C rate
from 2 C to 100 C at 25°C. Because charge and discharge reaction of the prepared thin-
film finished about 1 hour, respectively with the current value of 0.5 pA, 0.5 pA was
defined as 1 C rate. Cyclic voltammetry was conducted at various scan rate from 0.10
mV/s to 10 mV/s under the potential range between 3.0 and 4.0 V at 25°C using a
potentiostat (HZ-5000, Hokuto Denko Corp.). Potential-step chronoamperometry was
performed to the prepared thin-film electrodes under the potential range between 3.3
4.0 V with 10 mV of potential step at 25°C using a potentiostat (HZ-5000, Hokuto Denko
Corp.). The thickness of the prepared thin-film was estimated from the capacity of cyclic
voltammogram at potential range between 3.0 and 4.0 V at 25°C with a scan rate of 0.1

mV by using the bulk density of LiFePO4 (3.6 g/cm?) and the reaction area (ca. ¢ 6 mm).

5.2.2. Materials characterization

Depth-resolved X-ray absorption spectroscopy (DR-XAS) measurements were
performed at the beamline BL37XU of SPring-8 with a two-dimensional pixel array
detector, PILATUS (Dectris, Switzerland). Fe K-edge fluorescence XAS spectra were
measured. Experimental detail of DR-XAS has been described in previous studies.>> Soft
X-ray absorption spectroscopy measurements were performed for N K-edge, O K-edge,

Fe L-edge with total electron yield mode and fluorescence mode. The measurements
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with total electron mode and partial fluorescence mode were conducted at the beamline
BL11 of Ritsumeikan SR center and beamline BL27SU of SPring-8, Japan, respectively.
Data analysis was performed with the REX2000 data analysis software, the
backscattering phases and the amplitude were theoretically calculated by the code FEFFS.
For the curve fitting of the Fe K-edge spectrum, we used a single Fe-O distance and fixed

the coordination number to six.

5.3. Results and Discussion

The LiFePOs thin-film was prepared by pulsed laser deposition. The surface-nitride
treatment was conducted to anneal the as-prepared LiFePOs thin-film at 600°C under an
NHs atmosphere. Further details regarding the sample preparation conditions are
described in supporting information. Hereafter, the as-prepared LiFePOs thin-film and
the surface-nitrided LiFePO: thin-film are referred to as Bare-LFP and N-LFP,
respectively. Galvanostatic charging and discharging measurements were performed for
the Bare-LFP and N-LFP samples at 25°C as shown in Figure 5.1. Both of the samples
exhibited a typical plateau at 3.45 V, which is attributed to the two-phase reaction of
LiFePOs and FePOas.2 The charge capacity of the Bare-LFP at a 2 C rate was 165 mAh/g,
which decreased to 91 mAh/g at a 100 C rate. On the other hand, the N-LFP showed 137
mAh/g the charge capacity at a 100 C rate. The rate performance enhancement of

LiFePOs by surface-nitride treatment agrees with a previous report.'4
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Figure 5.1. Electrochemical properties of the Bare-LFP and N-LFP. (a) Charge and discharge curves
and (b) Specific charge and discharge capacity as a function of C-rate.
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To evaluate the diffusion coefficient of lithium ions (Dvi+) during the charging process,
we performed cyclic voltammetry and potentiostatic intermittent titration technique
(PITT) measurements on the Bare-LFP and N-LFP (Figure 5.2 and Figure 5.3). The D
values of the Bare-LFP obtained from the CV and PITT measurements were 3.0 X104
and 1.2X10'* cm?/s, respectively. These values agree with previous studies, which
reported CV-determined vales between 10* and 10® cm?/s'7 and PITT-determined
values was between 104 and 102 cm?/s.)” The Dui+ value of the N-LFP obtained from
PITT measurement was 1.7 X104 ¢m?/s, which is similar to the value of the Bare-LFD.
However, the Dui+ value obtained from CV measurements for the N-LFP was 8.0 X 10-14
cm?/s that is much higher than that of the Bare-LFP. Dui- value obtained from the PITT
measurements mainly reflects the diffusion of lithium ions in bulk,?* whereas the D
value obtained from the CV measurements reflects the reaction over the entire electrode
including in the bulk and at the electrode/electrolyte interface.?!? These results indicate
that the surface-nitride treatment enhanced the lithium ion transportation at the
electrode/electrolyte interface and the bulk lithium ion diffusion remained unaffected by

the treatment.
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To examine the electronic structure of the Bare-LFP and N-LFD, soft X-ray absorption
spectroscopy (SXAS) was performed in the energy region of the N K-edge and O K-edge.
Figure 5.4a shows the N K-edge SXAS spectra of the Bare-LFP and N-LFP. No response
was observed in the Bare-LFP spectrum, whereas a sharp peak at 401 eV was observed
in the N-LFP spectrum, indicating that nitrogen species exist in the N-LFP. Similar
spectral features were observed for the N-LFP with nitrogen-implanted ZrO:.> Figure
5.4b and ¢ show the O K-edge SXAS spectra obtained via total electron yield (TEY) and
partial fluorescence yield (PFY) modes for the Bare-LFP and N-LFP. The TEY mode

obtains data regarding sample surface, while the PFY mode probes mainly the bulk of
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the sample.?*?> The spectra obtained in the PEY mode for both samples show a broad
peak above 532 eV, which is attributed to the transition of the O 1s electron to the
hybridized states of Fe 4sp and O 2p orbitals.? The N-LFP spectrum was almost same as
that of the Bare-LFP, indicating that the surface-nitride treatment did not change the
electronic structure of the bulk. In contrast to the PFY mode, the TEY mode showed a
difference between the spectra of the Bare-LFP and N-LFP. The spectra obtained in TEY
mode of the Bare-LFP mode shows a pre-edge peak at approximately 531.8 eV in
addition to the broad peak above 532 eV. The energy of the pre-edge was previously
reported to be 531.8 eV,?” which is agreement with the results presented herein. This pre-
edge peak is attributed to the transition of the O 1s electron to the hybridized states of
the Fe 3d and O 2p orbitals.??Although the N-LFP also shows a pre-edge at 531.8 eV, the
new peak at 528 eV appeared. Because the peak position of the pre-edge of FePOs was
reported to be 531.8 eV%, the new peak of the N-LFP was not attributed to the peak of
FePO.u. In addition, for Fe L-edge SXAS measurements of the Bare-LFP and N-LFD, the
TEY mode exhibited a change between the spectra of the Bare-LFP and N-LFD,
supporting the electronic structure change of LiFePOs by surface-nitride treatment
(Figure 5.5). This indicates that nitrogen species were introduced to the surface of
LiFePOs by surface-nitride treatment and formed new energy level with the Fe 34 and O
2p orbitals.
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Figure 5.4. Soft X-ray absorption spectra of the Bare-LFP and N-LFP. (a) N K-edge SXAS spectra
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The electronic structures of the Bare-LFP and N-LFP were also examined using first-
principles calculations. The density of states of states (DOS) at the (010) surface of the
Bare-LFP and N-LFP are shown in Figure 5.6. The partial density of states (pDOS) for Fe
at the (010) surface for the Bare-LFP, N-LFP and FePOu are shown in Figure 5.7, and the
pDOS of nitrogen and oxygen at the (010) surface are shown in Figure 5.8. The DOS
suggests that nitrogen doping forms new energy level between the valence and
conduction bands in LiFePOus. At the (010) surface in the N-LFP, energy levels hardly
exist within the bandgap of the pDOS of Fe coordinated by O, whereas a sharp energy
level exist in the bandgap of the pDOS of Fe coordinated by N. In addition, the pDOS of
Fe coordinated by O in the N-LFP resembles that of the Fe coordinated by O in LiFePOs,
whereas the pDOS of Fe coordinated by N in the N-LFP resembles that of the Fe
coordinated by O in FePOu. This suggests that oxidation occurs in the Fe coordinated by
N, which agrees with the SXAS measurements. Moreover, the pDOS of N exhibits a
sharp energy level in the unoccupied molecular orbital above ca. 2 eV from the Fermi
energy. This is coincident with the sharp peak observed in the N K-edge XAS, supported
that N was successfully doped on the surface of the LiFePOu.
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To examine the electronic and local structure change around the Fe species in LiFePO4
with surface-nitride treatment, we applied depth resolved-XAS (DR-XAS) technique of
the Fe K-edge in both samples. The DR-XAS can monitor electronic and local structure
from the surface to bulk with a depth resolution of 34 nm.?® In the DR-XAS spectra
obtained atlower exit angles, information from the surface of a thin-film can be obtained,
while the spectra obtained at higher exit angles includes more information from both the
surface and bulk of the thin-film.?® The oxidation state of both samples was analyzed by
X-ray absorption near edge structure (XANES) in the obtained XAFS spectra (Figure 5.9).
The edge energy as a function of exit angle is plotted in Figure 5.10a. The edge energy
of the Bare-LFP was nearly constant at all exit angles, whereas that of the N-LFP
increased from 7117.8 to 7118.5 eV from 0.352° to 0.176°. The edge energy of the N-LFP
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was higher than that of the Bare-LFP by at least 0.3 eV. This indicates that Fe ions at the
surface of the N-LFP were oxidized to a larger extent than those of the Bare-LFP.

The interatomic distance and Debye-Waller (DW) factor for the Fe-O bonds were derived
from extended X-ray absorption fine structure (EXAFS) analysis for both samples and
are plotted as a function of exit angle in Figure 5.10b and c. The fitting results of the
EXAFS oscillation are shown in Figure 5.11 and Figure 5.12. The DW factor reflects static
local distortions of the Fe-O bonds. The standard error of the Fe-O distance was less than
0.011 A and the DW factor of the Fe-O bond was less than 0.015 A-1. Although the EXAFS
analysis in the DR-XAFS exhibited relatively large standard errors, the tendencies of the
bond distance and DW factors of Fe-O from the surface to the bulk can still be discussed,
as has been previously reported.?®? The surface-nitride treatment changed the local
structure at the surface of the LiFePOa. The Fe-O bond distance of the N-LFP was longer
than that of the Bare-LFP at lower exit angles. In addition, at lower exit angles it was
observed that the DW factor of the N-LFP was larger than that of the Bare-LFP. This
indicates that the local distortion around the Fe species increases at the surface of
LiFePOs by the surface-nitride treatment. The XANES for the Fe K-edge obtained from
DR-XAFS indicates oxidation of the Fe species at the surface of the N-LFP. However, the
Fe-O bond distance obtained from the EXAFS analysis increased. Although these results
seem discrepancy, it is caused by the local structure change with the substitution of

oxygen coordinating to iron with nitrogen.
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Figure 5.9. XAS spectra of (a) the Bare-LFP and (b) N-LFP obtained from DR-XAS for Fe K-edge of at

various exit angle. Low exit angles show closer to the surface.
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Figure 5.12. The k>-weighted EXAFS oscillations and the fitting results of the N-LFP obtained at various

exit angles. Low exit angles show closer to the surface.

Herein, we explain the surface-nitride treatment enhancement of the rate performance
of LiFePOs based on the electronic and local structure change. SXAS for the O K-edge
and DR-XAS for the Fe K-edge showed that the surface-nitride treatment forms a new
energy level and extends the Fe-O bond distance at the surface of LiFePOs (Figure 5).
The formation of the new energy level was confirmed by first principles calculations.
The improved rate performance by the surface-nitride treatment can be attributed to
enhanced electronic conductivity and lithium ion transportation at the interface between
LiFePOs and electrolyte. The new energy level reduces the bandgap of LiFePOs,,
improving the electronic conductivity at the surface. The extended Fe-O bond distance
caused by surface-nitride treatment weakens electrostatic repulsion between Li and Fe

during lithium ion hopping, enhancing lithium ion transportation at the interface. The
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enhanced electronic conductivity and lithium ion transportation accelerate nucleation

reaction at the interface, resulting in fast lithium ion intercalation/deintercalation.
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Figure 5.13. Schematic illustration of the improvement mechanism of the rate performance of LiFePOs with

surface-nitride treatment.

5.4. Conclusion

In summary, we prepared a surface-nitrided LiFePOs thin film and examined the
correlation between the electrochemical properties and surficial structure. The surface-
nitride treatment increased the interfacial reaction rate between electrode and electrolyte
interface. The SXAS for O K-edge and first principle calculations exhibited a new energy
level formation at the surface of LiFePOu by the surface-nitride treatment. The DR-XAS
showed that the Fe-O bond distance increased at the surface of LiFePOs by the surface-
nitride treatment. The new energy level and extended Fe-O bond distance accelerates
electronic conductivity and lithium ions transportation at the interface between surface-
nitrided LiFePOs and electrolyte, improving the rate performance. The controlling
electronic and local structure by anion doping to prepare mixed-anion compound®
demonstrated in this study can be applied for LiFePOs but also for other two-phase

systems to improve the rate performance.
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Chapter 6.
Design Principle for Metal/Metal Fluoride-ion Electrode

Materials for High-energy Density Storages

Li-ion batteries is approaching to the physicochemical limit of the energy density,
requiring new concepts for the electrochemical energy storage. All-solid-state fluoride-
ion batteries, where a monovalent fluoride-ion is an anion charge carrier, offer an
attractive option for the high energy density, but their reaction mechanism is not
understood. Here we present Cu thin-film model cathode exhibits the discharge capacity
of 670 mAh/g as well as the Coulombic efficiency of 91%. The two-phase transition
between Cu and CuF2 occurs during the electrochemical reaction and the phase
boundary would be the origin of the contact loss for the capacity fade due to the
repeating volume expansion and contraction. CusAu alloy with the reduced lattice
mismatch offers the fast phase transition kinetics along with the stability for cycling.

Alloying opens up new possibilities for materials strategy.
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6.1. Introduction

High energy density electrochemical energy storage is a key device for energy
diversification to achieve a sustainable future'2. So far, Li-ion batteries, which are typical
but reaching physicochemical limit, have been predominate in a market for 30 years?,
but other intercalation batteries such as Mg¥, Ca?, Zn?* are still in odyssey*. Although
the multivalent ions could offer the high capacity with acceptable voltage, the strong
electrostatic interactions between the diffusing multivalent cation and the anion lattice
hinders the reversible application. For a game-changing technology, all-solid-state
fluoride-ion batteries have the great potential to enable the high energy density as well
as the high safety®. As a monovalent fluoride-ion is an anion charge carrier, the
possibility of materials design based on the counter cation is infinity even restricted in
simple metal or metal alloy. In general, the redox potential to produce fluorine gas from
metal fluoride is higher than that in case of the oxygen lattice, indicating the reliable

energy storage system along with the solid-state use.

All-solid-state fluoride-ion batteries have been reported in recent 7 years for metal/metal
fluoride®* and the oxide intercalation compounds'>'8. The tysonite-type LaosBao.1F29 is
commonly used as solid electrolyte and stable within a potential range in battery
operation”. For metal/metal fluoride system, some combinations are used to evaluate

their battery performance, but the reaction mechanism has been poorly understood.

Here we demonstrate the Cu/CuF: cathode offers the high capacity reaching the
theoretical value and the electrochemical (de)fluorination proceeds via two-phase
reaction. Alloying reduces the huge lattice mismatch between metal and metal fluoride
to improve the battery performance that CusAu exhibits the high rate capability as well
as the long cycle life. Suppression of the strain energy within the phase boundary is a

crucial strategy for materials design in all-solid-state fluoride-ion batteries.

6.2. Experimental

6.2.1. Battery preparation
The thin-film all-solid-state fluoride-ion battery cell was fabricated on LaFs solid
electrolyte by RF sputtering method. The polycrystalline LaFs (xx%, Pier Optics) was

used as the separator electrolyte as well as the substrate with the thickness of 0.5 mm.
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The surface of the substrate to be the cathode side was mirror-polished and its roughness
was evaluated by AFM images. The same surface was processed by the reverse
sputtering with argon plasma and annealed for 1 h at 300°C in NFs gas atmosphere. The
ionic conductivity of the solid electrolyte was xxx S/cm at 150°C. Afterwards, Cu and Pb
thin-films were deposited on the substrate and used as the working and reference
electrodes, respectively. CusAu alloy thin-film electrode was prepared by the annealing
at 300°C for 1 h after the deposition of Au onto Cu. The thickness of both electrodes was
estimated by stylus profiler. The La metal could be produced from LaFs and was used as
the counter electrode. For the current collectors, Pt and W was deposited on the side of
the working and counter electrodes, respectively. These metal were selected due to the
intact during the electrochemical measurements. All sputtering conditions are listed in.
Finally, as-deposited Pb was fluorinated along with the production of La for the counter

electrode to be the stable reference potential.

6.2.2. XRD measurements

The thin-film electrodes deposited on a synthetic silica glass substrate were
characterized by XRD using Ultima IV (Rigaku) with Cu Ka radiation. The X-ray tube
current and voltage were set to 40 mA and 40 kV, respectively. The data were taken in

the range from 26 = 20° to 80° with the sample-stage rotation at xxx rpm.

6.2.3. Charge/discharge measurements

The battery assembly and the measurements were conducted in an inert atmosphere.
The galvanostatic charge/discharge cycling was performed at various C-rates (1C = 843
mA/g) with the potential range of 0 to 1.25 V vs. Pb/PbF: at 150, 60, and 25°C using
PARSTAT MC2000 (Princeton Applied Research). The specific weight was normalized
by Cu. The amount of the reaction surface area on the counter electrode is a surplus in
comparison with the working electrode, or Cu thin-film, not to be the limiting factor

when investigating the cathode side.

6.2.4. XAS measurements

The samples were prepared by the electrochemical (de)fluorination at particular fluorine
contents in CuFx or (CusAu)isFx (0 < x < 2). They were transferred from an argon-filled
glovebox to the analysis chamber using sealed containers without air exposure. Cu K-
edge XANES measurements were undertaken at BLO1B1 and BL37XU (SPring-8, Japan).

The absorption spectra were collected in partial fluorescence mode using 19-elements
SSD.
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6.3. Results and Discussion

6.3.1. Battery performance of metal/metal fluoride

The thin-film model cell was fabricated with a reference electrode to have deep insight
from electrochemical properties (Figure 6.1a). Galvanostatic charge/discharge curves
depending on temperatures are shown in Figure 6.1b. At 25°C, the Cu cathode reacts
with more than one fluoride-ion on the charge and then it releases about 0.7F per Cu
atom on the discharge. With increasing temperature, the higher capacity as well as the
lower polarization is exhibited. At 150°C, the highly reversible profile is observed as
almost 1.75 fluoride-ions are reacted on the charge and the subsequent Coulombic
efficiency achieves 91% at first cycle. The electrochemical reaction proceeds in a wide
fluoride-ion compositional range according to the theoretical limitation of 2 fluoride-
ions in Cu, or CuFz. The average discharge potential of 0.66 V vs. Pb/PbF2 is consistent
with the theoretical value, which indicates the ideal electrochemical reaction takes place
in this arrangement. Note that this is also hundreds of mV higher than that of previous

reports® 12,

The delivered capacities remarkably exceed those of the conventional lithium-ion battery
cathodes even at 25°C and are 3.5 times larger at 150°C. With an assumption of the
configuration such as Cu/CuF: as a cathode and Li/LiF as an anode, over 3 V battery
system would be realized (Figure 6.1c). The metal/metal fluoride batteries have the

potential to enable high energy storage with appropriate electrodes combination.
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Figure 6.1. Battery performance of the model system. a, Schematic illustration for the battery
configuration of the thin-film model cell. Cu and Pb thin-films are deposited on LaFs solid electrolyte
substrate and used as the working and reference electrodes, respectively. La is produced by the self-forming
reaction of LaFs solid electrolyte. b, Galvanostatic charge/discharge curves of the battery cycled at 150, 60,
25°C. The current density is 84.3 mA/g. The right axis indicates the potential based on Li/LiF. The capacity
is calculated from the amount of Cu. A dashed line represents capacity for conventional lithium-ion battery
cathodes. ¢, Discharge capacity and average potential at 150, 60, 25°C. Red rectangles and blue triangles
are attributed to left and right axes, respectively. A dashed line represents 3.0 V vs. Li/LiF.

Figure 6.2 shows the cycling characteristics. During 20 cycles, the capacity at 150°C falls
down from 670 to 254 mAh/g, which is less than half of the initial cycle, whereas the
reversible behavior was found at lower temperatures. The cycled capacity at 60°C
exceeds the result at 150°C and the value is 344 mAh/g, corresponding to 68% of the
initial cycle. The cyclability is further improved at 25°C, although the absolute capacity

is always low for cycling.

No major changes was found in the charge/discharge curves and the average potential
on the charge/discharge is constant at each temperature. The electrode/electrolyte
interface would remain intact and involve no side reaction. Metal fluoride solid
electrolyte is stable until fluorine gas produces and/or fluorination of current collectors
occurs. It has been reported that LaosBaoiFz9, similar to LaFs, has wide oxidation
electrochemical potential window up to 6 V vs. Li/LiF." This is uncommon compared to
Li-ion batteries. In a Li-ion battery employing liquid electrolyte, degradation of a
cathode active material occurs in contact with typical organic electrolyte?? without
coating?' or additives®. In an all-solid-state battery with sulfide electrolyte, as the
interphase formation as well as the contact loss is generated upon cycling, the
decomposition products from the former could be the resistive layer, which raises the

cell impedance and leads to the voltage decay? .

The capacity fade without voltage decay indicates the contact loss between an electrode
and electrolyte mainly occurs in Cu cathode material. The lattice volume expiation from
Cu to CuF: is quite large 46.8%. This could be the origin of the degradation in

metal/metal fluoride batteries as reported previously.
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Figure 6.2. Cycle behavior depending on temperatures. a, Galvanostatic charge/discharge curves
during 20 cycles at 150 (top), 60 (middle), and 25°C (bottom). Dark color represents the 1st and the 20th
cycle for each graph. b, Discharge capacity (top) and average charge/discharge potential (bottom) during
20 cycles. Red, gray, and blue represent the data at 150, 60, 25°C, respectively. Open and filled symbols

indicate charge and discharge, respectively.

6.3.2. Electrochemical (de)fluorination processes

The electrochemical reaction of Cu/CuF: accompanying with phase transition was
carefully investigated. Figure 6.3a shows X-ray absorption near edge structure (XANES)
spectra on the charge/discharge. The XANES spectrum of the prepared Cu electrode
deposited by RF sputtering overlaps with that of Cu foil for the reference spectrum. On
the charge, or the fluorination process from Cu to CuF17, the spectra changes towards
CuF2 reference spectrum having an isosbestic point at 8990 eV. The opposite trend is
observed on the discharge that the spectra changes from CuF: to Cu having the isosbestic
point at the same position as the charge. No additional peaks or exceptional changes are
detectable.

According to the XANES spectra having the isosbestic point, linear combination fitting
with two spectra, Cu and CuF:, was conducted as shown in Figure 6.3b. On the charge,
the fraction of Cu decreases with increasing that of CuF2 along the line that fluorination

of Cu generates only CuF.. The opposite and reversible trend is observed on the
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discharge. This demonstrates the electrochemical (de)fluorination of Cu/CuF: proceeds
via two-phase reaction. The good consistency between the actual fraction change and the
ideal phase transition line suggests that no undesirable side reactions occur and no

intermediate phases such as CuF form.

The phase boundary movement accompanying with the nucleation and growth is
strongly correlated with phase transition kinetics. Kolmogorov-Johnson-Mehl-Avrami
(KIMA) analysis has been applied to the electrochemical reaction to predict the phase
transition mechanism? 2. With an assumption of two-phase transition, volume fraction

of a new phase, V, as a function of ¢ is
V =1-—exp(—kt™) 1)

where k is the rate constant of phase transition and n is the Avrami exponent. The

equation (1) can be rearranged as follows:
Inln[1/(1 —V)] =nint + Ink. ()

The slope of InIn[1/(1 — V)] against Int plot gives the Avrami exponent, which is

consisted of three components:
n=a-+bc 3)

where a is the nucleation index (a =0 for nucleation rate zero, 0 <a <1 for
decreasing nucleation rates, a = 1 for constant nucleation, and a > 1 for increasing
nucleation rates), b is the dimension of growth (b =1,2,3 for 1D, 2D, 3D growth,
respectively), and ¢ is a growth index dependent on the rate-determining step of the
transformation (¢ =1 for phase-boundary-controlled growth, and c¢=1/2 for

diffusion-controlled growth).

In the case of the Cu/CuF: reaction, the potential-step chronoamperometry was used to
induce the phase transition for KJMA analysis (Figure 6.3c). The current shows the
momentary increase for 2 h and the gradual decline afterwards, corresponding to the
nucleation and growth processes. Converting the current to volume fraction of a new
phase, the Avrami plot was obtained (Figure 6.3d). The linear fitting was conducted at
the nucleation process, except for the electric double layer capacity at an early stage of
the reaction by potential-step chronoamperometry. The obtained Avrami exponent is
n = 1.15. Following the above scheme, the Avrami exponent could be interpreted in (i)

diffusion-controlled two-dimensional phase transition (a = 0.15, b = 2, and ¢ =1/2)
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or (ii) phase-boundary-controlled one-dimensional phase transition (a = 0.15, b = 2,
and ¢ = 1/2). The nucleation index, a, governs the time dependence of the number of

nuclei per unit volume of untransformed material, N, as a function of time?” 2:
N « t%, (3)

In both cases, a = 0.15 represents the decreasing nucleation rate, which is in good
agreement with the nucleation behavior. For the parameter c, the diffusion-controlled,
or parabolic, growth (¢ = 1/2) would be kinetically unfavorable due to the high strain
energy produced by the large lattice volume change 46.8%. Consequently, the second
model of the phase-boundary-controlled one-dimensional phase transition should be the

plausible interpretation.
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Figure 6.3. Phase transition mechanism on electrochemical (de)fluorination. a, XANES spectra on
the charge (left) and discharge (right). Dotted and dashed lines represent Cu and CuF2 reference spectra,
respectively. b, Amount of Cu and CuF: phases during the charge and discharge. Dotted lines are a guide
to the eye. ¢, Current change after the potential step with 0.68 to 0.66 V vs. Pb/PbFz at 150°C. d, Avrami
plots converted from the potential step treatment. The slope of the line is equal to the Avrami exponent. A

dashed red line represents the linear fitted result for the Avrami exponent n.
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6.3.3. Alloying effect to metal/metal fluoride battery

The huge lattice mismatch hinders the fast phase transition as well as the reversible
expansion and contraction within the material. Alloying appropriate metal with Cu
could offer the small lattice volume change. CusAu alloy was prepared and confirmed
to have the larger lattice volume due to the larger ionic radius of Au (Figure 6.4a,b).
Considering the lattice volume change between Cu or CusAu and CuF2, which are 46.8%

and 27.8%, respectively, the alloying could reduce 19%.

The CusAu cathode also successfully cycled and the phase transition mechanism was
studied by XANES (Figure 6.5). The XANES spectrum of CusAu slightly shifts lower
energy compared to that of Cu® (Figure 6.5b). During the charge/discharge, the
intermediate fluorination of CusAu spectra changes between CusAu and CuF: reference
spectrum having an isosbestic point in the same manner as Cu, although the value of the
isosbestic point is a bit higher 8991 eV (Figure 6.5d). The results of linear combination
fitting with two spectra, CusAu and CuF: demonstrate the two-phase nature of CusAu
during the electrochemical (de)fluorination (Figure 6.5e). Note that the CusAu spectra of
before and after cycle completely overlapping suggests CusAu is reproducible even after

the phase transition to CuFz and Au.

The charge/discharge properties before and after alloying were investigated. While the
Cu cathode delivers 365 mAh/g at C/5, which is less than half that at C/50, the CusAu
still maintains the capacity of 504 mAh/g at C/5 as shown in Figure 6.4c. The alloying to
be the small lattice strain enhances the rate capability summarizing in Figure 6.4d. The
identical charge/discharge potential at low rate indicates the same redox active element
of Cu being responsible for the charge transfer. The cycle deterioration is suppressed
after alloying that the capacity of CusAu at 20th cycle is almost double in comparison
with that of Cu (Figure 6.4d). The reduction of the lattice mismatch by alloying is
effective for the high rate performance as well as the long cycle life due to the smooth

phase transition.
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The phase transition kinetics was investigated quantitatively. With an assumption of the
one-dimensional phase transition, a ratio of charge at certain time and total time is

equivalent to a ratio of a new phase and total thickness of an electrode 3!

g l=(-
(Q2_=¥ (4)

where @, is the charge at time t, Q. is the total charge to finish the phase transition,
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¢ is the thickness of a new phase, and [ is the total thickness of the end of the phase
transition. Thus, € is presented as a function of t. According to the Wagner model for
diffusion in a binary system containing a phase boundary®, phase boundaries move

linearly with t'1/2:

¢ =2y(De)2 = k't")? (4)

where y is the dimensionless parameter, D is diffusion co-efficient for a new phase,

and k' is phase boundary rate constant.

The potential-step chronoamperometry was used to induce the phase transition in the
Cu or CusAu cathode (Figure 6.6a). The CusAu cathode shows the pronounced
nucleation and growth behavior at high current and the fast decline to settling down to
zero current compared to Cu. The current is converted to ¢ (Figure 6.6b). The linear
titting was conducted at the nucleation process, except for the electric double layer
capacity at an early stage of the reaction by potential-step chronoamperometry. The
obtained phase boundary rate constantis 1.1x10 cm s'2 for CusAu, which is three times
higher than 3.7x10-° cm s'2 for Cu. Although the phase transition kinetics is enhanced
by alloying, the quantitative value is still 10* times lower than that of LiFePO4%, which is

the two-phase cathode material in lithium-ion batteries.
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Figure 6.6. Phase boundary movement of two-phase materials. a, Chronoamperometry with the
potential step from 0.76 to 0 V at 25°C after charged to 1.25 V vs. Pb/PbF2 at 150°C. b, Distance for phase
transition & vs. t'V2 plots based on Wagner model. The phase transition rate constant k’ is 3.7 x 100 cm
s2 for Cu and 1.1 x10? cm s'2 for CusAu.
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6.4. Conclusion

The thin-film Cu cathode was fabricated as a model metal electrode in fluoride-ion
battery system. As the polarization decreases with increasing temperature, the discharge
capacity of 670 mAh/g is delivered with the average potential of 0.66 V vs. Pb/PbF: at
150°C. With an assumption of 3 V battery configuration with an appropriate anode, the
energy density would achieve 2,000 Wh/kg. The electrochemical reaction of Cu/CuF:
proceeds with separation into two phases, Cu and CuF2. The one-dimensional phase
transition under the limitation of phase-boundary-controlled movement is predicted by
KJMA analysis. The huge lattice mismatch between metal/metal fluorides should be
improved for better battery performance. Metal alloys offer the tremendous possibility
to design materials to be reduced the lattice strain at phase boundary. CusAu alloy was
prepared for one of the candidate with 19% lower volume change and successfully
worked as a fluoride-ion battery electrode. The two-phase reaction between CusAu and
CuF2 is also observed and highly reversible. CusAu alloy provides the high rate
performance as well as the long cycle life compared to Cu metal. Although the alloying
is effective to enhance the battery performance, the phase transition rate constant
calculated from the Wagner model is still four orders of magnitude lower than that of
LiFePOus that is the commercialized two-phase material in Li-ion batteries. Our findings
have implication for battery design and utilization, which could be realized by such as

materials informatics.
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Chapter 7.
Interfacial stability of phosphate-NASICON solid
electrolytes in Ni-rich NCM cathode-based solid-state

batteries

A non-degrading, low-impedance interface between a solid electrolyte and cathode
active materials remains a key challenge for the development of functional all-solid-state
batteries (ASSB). The widely employed thiophosphate-based solid electrolytes are not
stable towards oxidation and suffer from a growing interface resistance and thus rapid
capacity fading in a solid-state battery. In contrast, NASICON-type materials such as
LitwALTi2«(POs)s and LiixAlGe2«(POs)s are stable at high potentials, but their
mechanical rigidity and high grain boundary resistance is thought to impede their
application in bulk-type solid-state batteries. In this work, we present a comparative
study of a LiNiosCo01Mno1O2 (NCM-811) cathode composite employing either f-LisPSs
(LPS) or LiisAlosTiis(POs)s (LATP) as a solid electrolyte. LPS is employed as a separator
in both cases to assemble a functional ASSB. In order to avoid high temperature
processing of LATP, along with subsequent detrimental interfacial reactions with NCM
materials, the solid-state batteries are constructed and operated in a hot-press setup at
150 °C. The cathode interfaces are investigated using in-situ electrochemical impedance
spectroscopy and X-ray photoelectron spectroscopy, which reveals that the incremental
interface resistance is extremely suppressed and the chemical state is unchanged during
cycling when employed with LATP. The cell using LATP is reversibly charged and
discharged for multiple cycles and outperforms a comparable cell serving a
thiophosphate composite electrode. The results indicate that LATP represents an

excellent candidate to overcome interfacial challenges in bulk-type solid-state batteries.
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7.1. Introduction

The ongoing push for electrification of transport and the increasing amount of portable
electronic devices drives the research for safer energy storage technologies. Lithium ion
batteries (LIBs) are expected to serve in future mass-market generations of electric
vehicles and thus have to be prepared for contingencies. Safety concerns arise
particularly in the use of organic, mostly toxic liquid electrolytes that, in case of a
collision, may leak, catch fire or even explode. In this regard, all-solid-state batteries
(ASSBs) appear to represent a safer alternative to conventional LIBs."2? In ASSBs, the
liquid-soaked separator membrane is replaced by a ceramic or glassy solid electrolyte
(SE). It is now well accepted that ASSBs can only be competitive as a mass product once
they offer at least the same performance and lifetime as LIBs with liquid electrolyte.
During the development of LIBs within the last 30 years it was found that the liquid
electrolyte allows stable and reversible operation due to solid electrolyte interface (SEI)
formation at the graphite anode and sufficient interface stability at the cathode.®* Due
to extensive research efforts, our knowledge of LIBs interfaces and their degradation is

today quite detailed.

Within the recent years of ASSB research, several solid electrolytes have been reported
that offer comparable lithium ion conductivity compared to their liquid counterparts.>*
Especially glass ceramic electrolytes in the Li2S-P25s system and related systems exhibit
high lithium ion conductivity.®!®* Moreover, thiophosphate electrolytes, such as LisPSs,
Li7PsS11, LisPSX or LiiGeP2S12 offer favorable mechanical properties,'+'® which allow an
easy preparation and processing by cold pressing.’” Unfortunately, the thermodynamic
stability of the thiophosphate SE is very limited. Mo and co-workers recently calculated
the electrochemical stability window of several solid electrolytes and reported the
thiophosphate has very narrow stability window.'® 1 The reactivity between lithium
metal and thiophosphate SE is well understood and has been reported multiple times.2"
2 The oxidative degradation at the cathode side represents an additional factor
contributing to the capacity fading of solid-state batteries.?® In particular, for
application of high-capacity nickel-rich layered oxides or high-voltage cathode materials,
the electrochemical stability of thiophosphate electrolytes towards high potentials is
insufficient. ” Hence, it is challenging to address all requirements using a single solid
electrolyte, so that a combination of multiple materials may be required for superior

functionalities in the solid-state battery.
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When moving away from sulfide-based electrolytes, the crystalline NASICON-type
materials LiixAlGe2«(POs)s and LitALTi2«(POs)s represent promising alternatives to
avoid the strong oxidative degradation during battery charging.!®° For instance, it has
been reported that LiisAlosGe1s5(POs)s is stable up to 6 V vs Li/Li*.3! Further, NASICON-
type materials are not only oxidatively but also chemically stable when exposed to air or
moisture,® 33 which is a huge benefit over thiophosphate compounds producing
hydrogen sulfide gas.>* NASICONSs offer an acceptable lithium ion conductivity of 10-
4S/cm and the bulk conductivity can be increased up to 10 S/cm at room temperature
by elemental substitution.®>* An inherent problem of phosphate SE is their huge grain
boundary resistance and their mechanical rigidity3*#! In order to reach high ionic
conductivity of polycrystalline ceramics, samples have to be prepared with very high
density to reduce grain boundaries, which is usually only achieved by compressive
sintering at above 900 °C.#2 With respect to battery fabrication, such high temperature
sintering will induce unwanted side reactions with the other battery components, in
particular with the cathode active materials.*># So far, reports of functional bulk solid-
state batteries employing NASICON-type materials as SE is limited. Because of the
required heat treatment, electrodes are mainly deposited as a thin film* on sintered SE
pellets,* rather than as a thick composite electrode with high areal capacity as usually
reported for sulfide-based batteries.?> Another option to circumvent the high grain
boundary resistance is the application as quasi-all-solid-state electrolyte in combination
with either a conventional liquid electrolyte ##°, an ionic liquid or polymers® 5.
However, introduction of liquids or hybrid concepts reverse the benefits of an all-solid-
state approach and adds new interfaces that can possibly lead to additional degradation

effects.52

Due to the remaining interfacial challenges of degrading interfaces in sulfide electrolytes
as well as the interface resistances using phosphate electrolytes, we present a
comparative study of ASSB using LiNiosCo001Mno1O2 (NCM-811) as a cathode material
in combination with f-LisPSs (LPS) or LiisAlosTiis5(POs4)s (LATP) at the cathode interface.
The batteries are prepared by cold pressing and the LATP/NCM-811 composite is
assembled with a LPS separator to form a bilayer solid-electrolyte (Figure 7.1). By
preparing the cells in a hot-press setup, the battery configuration is heated up to 150 °C,
allowing to employ LATP in a bulk-type solid-state battery without a sintering step of
the full cell. Our experiments show that despite the comparably lower ionic conductivity
of LATP, the investigated cells show a higher capacity retention and thus better

interfacial stability. The interfacial stability is investigated by the means of
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electrochemical impedance spectroscopy (EIS) during cycling. From the interpretation
of the impedance data, we derive the cathode interfacial resistance for both cell
architectures and find that the interface between NCM-811 and LATP is more stable than
in the case of LPS. The interphase formation was further investigated using X-ray
photoelectron spectroscopy (XPS), which confirmed that the chemical state of the
cathode components remains nearly unchanged when LATP is used for the electrode
composite. In case of the thiophosphate, the previously observed oxidative degradation
is even more pronounced when the solid-state battery is operated at elevated
temperatures. Our results clearly encourage further investigation of the application of
phosphate-based electrolytes to avoid interface degradation at the positive electrode.
This work indicates that LATP can serve as an excellent component in a cathode
composite, whether it is as a bulk solid electrolyte or rather a protective coating layer to

shield the cathode active material from the solid electrolyte.

a) b)
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Figure 7.1. Schematic illustration of (a) the LPS cell (LTO/LPS|LPSINCM-811/LPS) and (b) the LATP-
LPS cell (LTO/LPSILPSINCM-811/LATP). Grey, blue, orange, dark grey represent LTO, LPS, LATP,
and NCM-811, respectively. Both cells are compressed by stainless steels and conducted the electrochemical

measurements under certain pressure.

7.2. Experimental

7.2.1. Synthesis
The solid electrolyte LiisAlosTiis(PO4)s (LATP) was prepared by mixing lithium
carbonate (Li2COs, Acros Organics, 99+%), aluminum hydroxide (AI(OH)s;, Sigma-
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Aldrich, reagent grade) and titanium dioxide (TiO:, Sigma-Aldrich, >99%) in the
stoichiometric ratio and thoroughly ground in an agate mortar. A5 wt.% excess of Li2COs
was added to compensate the loss of lithium at higher synthesis temperatures. The
mixture was added step by step to phosphoric acid (HsPOs 85 wt.%, Sigma-Aldrich,
99.99%) under constant stirring. To avoid a too viscous mixture, some amount of
deionized water was added. After stirring at room temperature, the mixture was heated
to 200°C and kept at the target temperature for 12 h. Afterwards, the remaining solid
residual was grounded and the resulting powder was then ball milled for 30 minutes at
300 rpm using a zirconium dioxide milling set (45 mL vial, one milling media with a
diameter of 13 mm). The obtained powder was pelletized uniaxially at 226 MPa. Finally,
the pellet was sintered in a magnesia crucible at 900°C for 24 h in air using a heating rate

of 250 °C/h and sacrificial powder to prevent contact with the crucible.

The crystalline solid electrolyte of p-LisPSs (LPS), the cathode material of
LiNiosCo01Mno1O2 (NCM-811), as well as the anode material of LisTisO12 (LTO) were
received from BASF SE. The two electrode materials were dried in a vacuum oven at

250°C for 24 h to remove any moisture.

7.2.2. Cell assembly
The solid electrolyte LATP is used as powder rather than as sintered pellets with

electrode materials to avoid any undesirable side reactions*> * and to be flexible for
battery assembly processes (Figure 7.2 and Figure 7.3). The cathode composites consist
of NCM-811 and LPS or LATP with a mass ratio of 70:30 and the anode composites of
LTO and LPS with a mass ratio of 50:50, respectively (Figure 7.1). These composites were
mixed in an agate mortar by hand for 15 min. The electrochemical cell was prepared in
a previously described hot-press setup inside an argon-filled glovebox.% First, 100 mg of
LPS were compressed between two stainless steel pistons in a ceramic cylinder at 90 MPa
for 5 minutes to form a well-defined pellet of the separator. Afterwards, 20 mg of the
cathode composite (2.48 mAh/cm?) and 40 mg (3.10 mAh/cm?) of the anode composite
were placed and spread out on the top and the bottom of the separator, respectively. The
capacity of the anode was balanced to have a surplus of capacity and not to be the
limiting factor when investigating the cathode side. A pressure of 265 MPa was applied
through the steel pistons and the temperature was set to 150°C. Pressure and
temperature were maintained during the electrochemical measurements. Ni-rich NCM
materials show decreasing thermal stability with increasing nickel content.*% An

electrochemically charged NCM-811 composite with an organic liquid electrolyte up to
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4.3 V vs. Li/Li* undergoes structural changes with releasing oxygen gas at around
150°C.%® The thermal stability depends on the surface condition™ > and the preparation
process.” In our experiment, however, all cell studies were run in an argon-filled
glovebox and the solid-state battery cells provide sufficient electrochemical properties
at 150°C, being comparable to the result at room temperature.?* The reactivity of NCM
materials in solid-state environment is different from that after the charge in a liquid

electrolyte cell.

a)

Figure 7.2. SEM images of the LATP (a) powder and (b) its pellet by the cold press. The particle size is
several um and the density of the pellet is 2.49 g/cm?3, corresponding to the ratio of 85% calculated from the
theoretical value of 2.94 g/cm?. The solid electrolyte of LATP is used as powder rather than as sintered
pellets with electrode materials to avoid any undesirable side reactions*> * and to be flexible for battery

assembly processes.
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Figure 7.3. (a) Temperature and pressure profiles upon EIS measurements. The base pressure of 264 MPa
was applied. (b) Temperature dependent conductivity upon heating-up and cooling-down. From 25 to
250°C, the total conductivity increases from 5 x 107 to 9 x 10+ S/cm with the pressure change due to
sintering. The activation energy of ionic conductivity is 0.46 eV upon heating-up and 0.40 eV upon cooling-
down. This difference comes from annealing effect that the sample was kept at 250°C overnight. The total
conductivity of the LATP powder by the cold press is 5 x 107 S/cm at room temperature although the
sintered pellet, which is not grounded, has a conductivity of 2 x 10+ S/cm. For LATP, the total conductivity
mostly depends on the grain boundary.’® 40 In the grounded powder, the lack of an intimate grain contact
between the SE particles hinders fast Li diffusion in the separator electrolyte. The thermal treatment,
however, helps the SE to make a good contact within the grain. The battery employing LATP as the SE
might work at intermediate temperature, where the total conductivity is around 10+ S/cm, corresponding

to the value of f-LisPSs at room temperature.?7: 0

7.2.3. Electrochemical Characterizations

Battery cycling and electrochemical impedance spectroscopy (EIS) were carried out
using an SP-150 potentiostat/galvanostat (Bio-Logic Science Instruments). The
galvanostatic charge/discharge cycling was performed at a C-rate of 0.1C (248 uA/cm?)
in a voltage range of 1.1-2.8 V vs. LisTisO12/Li7TisO12, corresponding to approximately
2.65-4.35V vs. Li*/Li with an assumption that the potential for lithium titanate is
1.55 V vs.Li*/Li.® After each discharge step and a subsequent electrochemical
relaxation of 1 hour, EIS measurements were conducted with an amplitude of 20 mV in

a frequency range of 1 MHz to 0.1 Hz.
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7.2.4. Scanning Electron Microscopy

Microstructural images of the cathode composites were obtained using a Merlin high-
resolution scanning electron microscope (Carl Zeiss AG, Germany). The batteries were
disassembled inside an argon-filled glovebox and the samples were carried to the
analysis chamber using a transfer vessel (Leica EM VC500) under inert gas atmosphere.
Energy-dispersive X-ray spectroscopy of the cathode composites was carried out using
an XMAX EXTREME EDX detector (Oxford Instruments, UK) with an acceleration
voltage of 10 kV and a probing current of 2 nA.

7.2.5. X-ray Photoelectron Spectroscopy

Measurements were carried out using a PHI5000 Versa Probe II (Physical Electronics
GmbH) with an Al anode. To avoid air exposure, the samples were transferred from an
argon-filled glovebox to the analysis chamber using a transfer vessel filled with argon
gas. The probed surface area was 100 um x 1400 pum (X-ray spot size) and an X-ray power
of 100 W was used. The pass energy of the analyzer was set to 23.5 eV for detail spectra
and to 187.9 eV for survey scans. The chamber pressure was in the range of 107 Pa during

the measurements.

7.3. Results and Discussion

7.3.1. Cell characteristics

In order to investigate and compare the interfaces between LPS and LATP in contact with
NCM-811 in an ASSB setup, two types of cells, cathode composites NCM-811/LPS or
NCM-811/LATP and the separator LPS with anode composites LTO/LPS were
assembled: LTO/LPSILPSINCM-811/LPS (LPS cell) as well as LTO/LPSILPSINCM-
811/LATP (LATP-LPS cell). The schematic illustration is described in Figure 7.1.

The LPS cell serves as a reference cell. In case of the LATP-LPS cell, a bilayer approach
was chosen and LPS was used as a separator to reduce the overall cell resistance and to
avoid contact with an anode. While lithium, or a lithium-indium alloy is commonly
employed in thiophosphate-based batteries as anode, here LTO is used as it is stable
against the thiophosphate electrolyte!® 2 and at elevated temperature, so that all possible

changes can be attributed to the cathode interface.

The microstructures of the prepared cathode composites were investigated by the means
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of scanning electron microscopy, as shown in Figure 7.4. To better differentiate the
materials, energy dispersive X-ray (EDX) mapping was conducted simultaneously. The
cathode composites consist of 70 wt.% NCM-811 and 30 wt.% SE in both cells, which
results in a volumetric ratio of V(NCM):V(SE) = 48:52 in the LPS cell and 60:40 in the
LATP-LPS cell. The active material is well surrounded by the SE in both cells. In contrast
to the LPS cell, which shows a very dense pellet and good interfacial contact, the LATP-
LPS cell necessarily has a denser packing of NCM-811 particles. The grain boundaries
are still visible and the pores are also detectable in the LATP-LPS cell.

a) b)

Figure 7.4. Energy-dispersive X-ray spectroscopy mapping taken from the cathode side of (a)
LTO/LPSILPSINCM-811/LPS cell (LPS cell) and (b) LTO/LPSILPSINCM811/LATP cell (LATP-LPS
cell). Blue, orange, and yellow denote NCM811, LPS, and LATP particles, respectively.

In order to remove the bulk transport barrier in the SE and compare the interfacial
properites between LATP and LPS, thermal treatment helps the SE to increase the ion
conductivity. Temperature dependent electrochemical impedance spectra were collected
before any battery cycling to estimate the environment, which allows LATP to provide
the sufficient bulk kinetics (see Figure 7.5). The impedance spectra Figure 7.5a,b) are
separated into a high, a middle, and a low frequency region, where we attribute to the
bulk and grain boundary responses of the separator electrolyte, and the processes at the
electrode/electrolyte interface (RQ elements, in line with a previous report).?* While the
interface processes coming from the cathode or the anode composites cannot be

deconvoluted, the stability of LTO against LPS makes the analysis simpler. The bulk
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transport of the separator electrolyte can only be detected at 25°C, and afterwards the
process is shifted to too high frequencies to be resolved with the employed potentiostat.
Consequently, the equivalent circuit of (RQ)(RQ) is used above 25°C as shown in insets
of Figure 7.5¢,d. The bulk and grain boundary resistances of the separator electrolyte are
almost the same in both cells (Figure 7.5¢,d), as expected. The interface resistances are
reduced substantially from more than 104 Ohm at 25°C to about 102 Ohm at 150°C
(Figure 7.5¢,d). On the basis of these results for the electrode impedance, both cells were
investigated at a temperature of 150°C, where the interface resistance of the LATP-LPS
cell is as small as that of the LPS cell. Note that the total conductivity of LATP is around
10+ S/cm at 150°C (Figure 7.3), corresponding to the value of p-LisPS: at room

temperature.?, ¢
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Figure 7.5. Temperature dependent Nyquist plots of (a) the LPS cell and (b) the LATP-LPS cell at 25, 50,
100, 150°C. The spectra are stacked with an offset of 1k Ohms in the —Z"" direction. The colored circles
represent the experimental data. The bulk and grain boundary resistances of the separator electrolyte as
well as the interface resistances between the electrode and electrolyte in (c) the LPS cell and (d) the LATP-
LPS cell. The dotted lines are guides to the eye. The equivalent circuit consists of the bulk and grain
boundary responses of the separator electrolyte, and the processes at the electrode/electrolyte interface. Inset

indicates the applied equivalent circuit above 25°C.
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Figure 7.6. Nyquist plots of the fitted EIS data of (a) the LPS cell and (b) LATP-LPS cell at 25°C. Colored
open circles represent the experimental data and grey solid lines indicate the fited data. The employed
resistances are illustrated as colored semicircles, which are a guide-to-the-eye. Rstnux = bulk resistance of
the SE, Rstg = grain boundary resistance of the SE, and Rinterfice = interface resistance between the electrode

and electrolyte.

7.3.2. Battery performance.

Figure 7.7 shows the impact of the replacement of LPS by LATP in the cathode composite
upon cell cycling. The first charge and discharge capacity of both cells is around 180 and
145 mAh/g, respectively. The initial irreversible capacity and the voltage decay in the
subsequent cycles can be correlated to the contact loss between the SE and the cathode
particles as well as the interphase formation among them.?* In the subsequent cycles, the
LATP-LPS cell shows the higher discharge capacity and average voltage (Figure 7.8). The
discharge capacity retention and the Coulombic efficiency of the LATP-LPS cell after 50

cycles are more than 80% and 99%, respectively, which are superior to the LPS cell.
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Figure 7.7. (1) The galvanostatic chargel/discharge curves of the LPS cell (top) and the LATP-LPS cell
(bottom) during 50 cycles at 150°C. Blue and orange lines denote the first cycle of the LPS cell and the

LATP-LPS cell, respectively. The subsequent cycles are shown as grey lines. (b) The discharge capacities
and the Coulombic efficiency of the LPS cell and the LATP-LPS cell. The solid and the open blue triangle
denote the discharge capacity and the Coulombic efficiency of the LPS cell. The solid and the open orange

circle denote the discharge capacity and the Coulombic efficiency of the LATP-LPS cell.
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Taking a closer look at the voltage profiles, the differential capacity plots are shown in
Figure 7.9. During the first charge, several peaks can be observed at 3.60, 3.74, 4.00, and
4.19 V vs. Li/Li* in the LPS cell and 3.71, 4.00, and 4.20 V vs. Li/Li* in the LATP-LPS cell.
The peak at lowest voltage in the LATP-LPS cell may represent combination of the two
individual low voltage peaks in the LPS cell. The observed peaks as likely caused by the
phase transitions from hexagonal to monoclinic (H1 — M), monoclinic to hexagonal (M
— H2), and hexagonal to hexagonal (H2 — H3).¢%%> The voltages at the local maxima are
in good agreement with previous reports.>* % ¢’ The similarity of the differential capacity
plots with those of LIBs with liquid electrolyte indicates that the total ionic conductivity

within the cathode composite is comparable to the one in liquid electrolyte cells.

After the first charge, it is difficult to assign the observed curves to the three or four
peaks due to an increasing peak broadening, which might arise from an inhomogeneous
electrochemical reaction and could be an indicator for contact loss®7!. The cell potential
is constituted from the combination of each individual electrode particle potential.
Indeed, after the initial formation in the first charge, where contact loss and/or interface
reactions may take place,® the inhomogeneous Li ion and electron transportation
pathways and lithium concentration within the particles results in a wide potential

distribution.
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Figure 7.9. The differential capacity plots calculated from the charge/discharge curves of the LPS cell (top)
and the LATP-LPS cell (bottom) for 50 cycles at 150°C. Blue and orange lines denote the first cycle of the
LPS cell and the LATP-LPS cell, respectively. The subsequent cycles are shown as grey lines.

The frequency dependent contributions of the cathode interface to the increasing

impedance are shown in Figure 7.10 and Table 7.1. The EIS data were obtained after
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discharge and a subsequent electrochemical relaxation for 1 h in open-circuit. Both cells
show almost the same Z’ values above 10 kHz, related to the bulk and grain boundary
responses of the separator SE, which is reasonable considering the cell configuration.
The predominant growth of a resistive layer is seen in the low frequency region. For the
LPS cell, the Z’ values increase below 10 kHz, in the frequency region which includes the
cathode and anode interfacial resistances, as reported previously??. Interestingly, for
the LATP-LPS cell, the Z’ values increase only below 100 Hz, which is lower by two
orders of magnitude compared to the LPS cell. The Z’ values are independent of the cycle
numbers down to 100 Hz, suggesting that the decomposition of the SE and/or the contact
loss at the cathode interface is successfully suppressed. The long-term cycling
performance can be achieved when employed LATP with NCM active materials in solid-

state batteries, if the cathode interface is indeed stable.
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Figure 7.10. (a) Nyquist plots of the LPS cell (top) and the LATP-LPS cell (bottom) after the 1st, 2nd, 5th,
10th, 20th, and 50th discharge. The spectra are stacked with an offset of 100 Ohms in the —Z"" direction.
(b) The real part (Z’) of the complex impedance (Z) of the LPS cell and the LATP-LPS cell versus frequency.
The grey shadow indicates the frequency region from 10k to 100 Hz. (c) The Z’ values versus cycle numbers
collected at 100k (bottom), 1k (middle), and 10 (top) Hz. The blue triangles and orange circles denote the
LPS cell and the LATP-LPS cell, respectively.

Table 7.1. The rate of increase in the Z’ values depending on the frequency magnitude from 1st to 50th
cycle in the LPS cell and in the LATP-LPS cell.

(Z’s0t0 — Z"15t)/ Z"1st x 100 / %

Cell
10 Hz 100 Hz 1k Hz 10k Hz 100k Hz
LPS 100 110 151 91.1 54.6
LATP-LPS 36.2 34.6 45.5 55.6 54.8

7.3.3. Cathode interface.

The decomposition products at the electrode/electrolyte interface play an important role
for the battery performance. The chemical state of the cathode composites before and
after cycling was investigated by the means of X-ray photoelectron spectroscopy (XPS)
as shown in Figure 7.11. The measurements were conducted for the cathode composites
from the collect corrector side to avoid the effect of the separator electrolyte. The analysis
of electrochemically treated p-LisPSs followed by previous reports.?* 2 For the cycled
LPS cell, the SE of the cathode composite is partly oxidized as seen in the formation of
additional sulfur species with higher binding energies. The deconvolution of the S 2p
signals indicates the presence of S-S bonds such as found in polysulfides’ as well as P-
S bonds in the PS:# unit and some bridging P-S-P bonds in the P2574 unit as seen in a
pristine LPS sample. The P 2p signals show the same trend as the S 2p signals (Figure
7.12a). The electrochemical degradation products have a lower ionic conductivity” and
thus hinder the lithium ion transport to and from the cathode interface. The accelerated
oxidation of LPS compared to room temperature?* occurs because the degradation
reaction is thermodynamically favorable and furthermore kinetically aggressive at

elevated temperatures.
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In contrast, for the cycled LATP-LPS cell, the SE of the cathode composite maintains its
original condition, rather than producing oxidation products, which should have
resulted in a change of the XPS profile.’® 1 The Ti 2p signals as well as the P 2p signals
(see Figure 7.12b) are unchanged and no additional peak is found even after 50 cycles,
which further corroborates the stability of LATP against NCM-811. Obviously, LATP is
a promising candidate for interface modifications on the cathode side, due to its
oxidation stability. Even at elevated temperature, where diffusion-driven reactions are
kinetically favoured, the LATP/NCM-811 interface appears to remain intact. This is well
in agreement with the impedance data that remain constant for the cathode interface in

the LATP-LPS cell.
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Figure 7.11. X-ray photoemission spectra of (a) S 2p signals of the pristine LPS powder (top) and the
cathode composite in the LPS cell after 50 cycles (bottom), and (b) Ti 2p signals of the pristine LATP
powder (top) and the cathode composite in the LATP-LPS cell after 50 cycles (bottom). Blue and purple
peaks are attributed to P—S bonds in the PS+#~ unit and P-S5—P bridging in the P257 unit, respectively.
The red peaks are assigned to more oxidized sulfur species such as polysulfides. The orange peaks represent
Ti* species. The open black circles and the solid lines indicate the experimental data and the fitted ones,

respectively.
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Figure 7.12. XPS spectra of (a) P 2p signals of the pristine LPS powder (top) and the cathode composite of
the LPS cell after cycling (bottom), and (b) P 2p signals of the pristine LATP powder (top) and the cathode
composite of the LATP-LPS cell after 50 cycles (bottom). Blue and purple peaks are attributed to P-S bonds
in the PS«#~ unit and P=S—P bridging in the P2S7 unit, respectively. The red peaks are assigned to more
oxidized phosphorus species. The orange peaks represent PO+ species. The open black circles and the solid

lines indicate the experimental data and the fitted ones, respectively.

Degradation of the electrolyte hinders unlocking the potential of electrode materials to
their maximum. The onset of the potential for the rapid capacity fade of NCM materials
is around 4.3 V in liquid electrolyte battery systems,® 7 although structurally related
deterioration appears at higher potentials.”> Replacing the electrolyte salt’® or using
electrolyte additives” can increase the onset and may serve for longer lifetime. The wider
potential window then allows the cathodes to supply extra lithium for high capacity.
This could also be used in the SSBs environment, once the SE allows high voltage
operation. As thiophosphate SE are oxidized already at potentials of about 2.3 V819,
LATP coatings might be a reasonable concepts for the protection of thiophosphate SE
against cathode materials or the other way around. LATP could enable the use of high-
voltage cathode active materials in SSBs by employing it as a composite or as a protective

coating’.

7.4. Conclusions
In this work, we have evaluated the concept of using the phosphate electrolyte
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LiisAlosTi15(PO4)s with NCM-811 cathode composite in a solid-state battery in addition
to the crystalline lithium-thiophosphate p-LisPSs separator. For a fair comparison, a
conventional solid-state battery system employed p-LisPSs: with the cathode composite
as well as the separator was constructed. In order to investigate the cahode interfaces the
solid-state batteries fabricated in a hot-press setup were cycled at elevated temperatures
and studied by in-situ electrochemical impedance spectroscopy and X-ray
photoemission spectroscopy. It was found that the growth of the interface impedance is
negligible and no interfacial degradation occurs when NCM-811 particles are in contact
with Lii5AlosTii5(POs)s, rather than f-LisPSa.

The work shows that phosphate-based electrolytes can be used in solid-state batteries,
resulting in good long-term stability as no detrimental side reactions occur due to the
higher oxidative stability. Indeed, while solid-state batteries are not likely run at 150°C,
the stability of the phosphate electrolyte as well as the lack of an additional interface
impedance during cycling suggests that LiisAlosTi15(PO4)s may be used as a coating for
cathode active materials. As LiisAlosTiis(PO4)s has already been shown to avoid
electrochemical degradation of the bulk separator for liquid electrolytes”, this work
provides a better understanding of the interfacial chemistry in solid-state battery and

hopefully guides the design of long-term performance cells.
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Chapter 8.

General conclusions

In Chapter 1, the overview of fundamental principles for batteries and thermodynamics

of two-phase materials were described.

In Chapter 2, Li(Feos5Zroos)(PosSio1)Os, which is the material with reduced lattice
mismatch based on the mother structure of LiFePOs, demonstrates the high rate
performance in addition to the long cycle life. The participation of the metastable
intermediate phase is responsible for the intercalation reaction under the extremely high
current rate in a wide Li compositional range. Suppression of the lattice volume change

could open bypath for the fast phase transition kinetics.

In Chapter 3, the intermediate phase, which has been observed at ambient temperature
as the metastable phase, was thermodynamically stabilized at elevated temperature and
investigated the role in the phase transition. The discrepancy between the nucleation
point and the maximum composition of the phase produces the unexpected results that
the sequential phase transition via the intermediate solid solution phase proceeds on the
charge, but the three phases coexist in a whole reaction on the discharge. The formation
of the intermediate solid solution phase is important as its further stabilization leads to

an extension of a single phase reaction, realizing high-rate electrode materials.

In Chapter 4, the intermediate phase of Li(Feo95Zro.0s)(PosSio1)Os was further investigated
as a thermodynamically stable phase at elevated temperature. The stability of the

intermediate phase provides the new approach for material exploration.

In Chapter 5, the surface modification of LiFePOs by nitrogen was investigated in the
model thin-film electrode. The electronic and local structure changes accelerate lithium
ions transportation at the interface between surface-nitrided LiFePO4 and electrolyte,

improving the rate performance.
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In Chapter 6, the thin-film Cu cathode was fabricated as a model metal electrode in
fluoride-ion battery system. With an assumption of 3 V battery configuration with an
appropriate anode, the energy density would achieve 2,000 Wh/kg. The electrochemical
reaction of Cu/CuF: proceeds with separation into two phases, Cu and CuF. Metal alloys
offer the tremendous possibility to design materials to be reduced the lattice strain at
phase boundary. CusAu alloy provides the high rate performance as well as the long
cycle life compared to Cu metal. The findings have implication for battery design and

utilization, which could be realized by such as materials informatics.

In Chapter 7, the concept of using the phosphate electrolyte LiisAlosTiis(POs)s within
LiNiosC001Mno1O:2 cathode composite was evaluated. The stability of the phosphate
electrolyte as well as the lack of an additional interface impedance during cycling

suggests the usage as a coating for cathode active materials.

In Chapter 8, the results of the thesis were summarized.
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