UNIVERSITY OF CALIFORNIA

Los Angeles

Thermodynamic Characterization and Heat Generation
of Fast-Charging Wadsley-Roth Shear Phase Materials

for Battery Application

A dissertation submitted in partial satisfaction
of the requirements for the degree
Doctor of Philosophy in Mechanical Engineering

by

Sun Woong Baek

2022



©) Copyright by
Sun Woong Baek
2022



ABSTRACT OF THE DISSERTATION

Thermodynamic Characterization and Heat Generation
of Fast-Charging Wadsley-Roth Shear Phase Materials

for Battery Application
by

Sun Woong Baek
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2022

Professor Laurent G Pilon, Chair

This dissertation reviews and clarifies the fundamental thermodynamic relationships rel-
evant to the interpretation of potentiometric entropy measurements on lithium-ion batteries
(LIBs) to gain insight into the physicochemical phenomena occurring during cycling. First,
contributions from configurational, vibrational, and electronic excitations to the entropy of
an ideal intercalation compound used as a cathode in a battery system were analyzed. The
results of this analysis were used to provide an interpretative guide of open circuit voltage
Upew(z, T') and entropic potential OU,,(x,T)/JT measurements to identify different mecha-
nisms of intercalation, including (i) lithium intercalation as a homogeneous solid solution, (ii)
ion ordering reactions from a homogeneous solid solution, (iii) first-order phase transitions
involving a two-phase coexistence, and/or (iv) first-order phase transitions passing through
a stable intermediate phase. These interpretations were illustrated with experimental data
for different battery electrode materials including TiS, LiCoOg, Liy/3Ti5/304, LiFePOy, and
graphite electrodes with metallic lithium as the counter electrode. The systematic inter-
pretation of Uye, (2, T) and OU,e,(x, T)/OT can enhance other structural analysis techniques

such as X-ray diffraction, electron energy-loss spectroscopy, and Raman spectroscopy.

Thermal signatures associated with electrochemical and transport phenomena occurring

in LIB systems were investigated by performing potentiometric entropy measurement and
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isothermal operando calorimetry on LIB systems. Here, LIB system consisting of electrodes
made of TiNbyO; and PNbgOss were investigated. The potentiometric entropy measure-
ments of TiNbyO7 and PNbgO,5 featured signatures of intralayer ion ordering upon lithiation
that could not be observed with in situ X-ray diffraction. Furthermore, entropy measure-
ments also confirmed the semiconductor-to-metal transition taking place at PNbgOs5 upon
lithiation. Furthermore, isothermal operando calorimetry measurements indicated that the
nature of heat generation was dominated by Joule heating, which sensitively changed as the
conductivity of the electrode increased with increasing lithiation. The heat generation rate
decreased at the TiNbyO; and PNbgOs5 electrode upon lithiation due to the decrease in
electrical resistivity caused by the semiconductor-to-metal transition also observed in poten-
tiometric entropy measurements. In addition, the time-averaged irreversible heat generation
rate indicated that the electrical resistance of the lithium metal electrode was constant and
independent of the state of charge while the electrical resistance of the PNbgOy5; changed
significantly with the state of charge. Moreover, calorimetry measurements have shown that
the electrical energy losses were dissipated entirely in the form of heat. Furthermore, the
enthalpy of mixing, obtained from operando calorimetry, is found to be small across the
different degrees of lithiation, pointing to the high rate of lithium-ion diffusion at the origin

of rapid rate performance of TiNbyO7 and PNbgOos.

Moreover, the effect of particle size on the electrochemical performance and heat genera-
tion in LIB systems were investigated using two LIBs consisting of electrodes made of either
(W0.2Vo5)307 nanoparticles synthesized by sol-gel method combined with freeze-drying or
(Wo2Vos)3O7 microparticles synthesized by solid-state method. Galvanostatic cycling con-
firmed that the electrode made of (Wy2Vqs)307 nanoparticles featured larger capacity and
better retention at high C-rates than that made of the (W 2Vg)3O7 microparticles. En-
tropic potential measurements performed at slow C-rate indicated that both nanoparticles
and microparticles underwent a semiconductor to metal transition, and nanoparticles un-
derwent a two-phase coexistence region over a narrower range of composition. Operando
calorimetry measurements at high C-rate established that the heat generation rate increased

at the (W2 Vo5)307 electrode upon lithiation due to an increase in charge transfer resistance
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regardless of particle size. Moreover, the time-averaged irreversible heat generation rate was
slightly but systematically smaller at the electrode made of nanoparticles. Furthermore, the
specific dissipated energy and the contribution from enthalpy of mixing caused by lithium
concentration gradient was notably smaller for (W, 2V(5)307 nanoparticles. These observa-
tions were attributed to the fact that nanoparticles were less electrically resistive and able
to accommodate more lithium while lithium ion intercalation therein was more kinetically

favorable.

v



The dissertation of Sun Woong Baek is approved.

Anton Van der Ven

Sarah H Tolbert

Bruce S Dunn

Laurent G Pilon, Committee Chair

University of California, Los Angeles

2022



This dissertation is dedicated to my wife

vi



TABLE OF CONTENTS

1 Introduction . . . . . . . . .. .. 1
1.1 Lithium ion batteries . . . . . . . . . . ... .. 1
1.1.1 introduction . . . . . . .. ... 1

1.1.2  Lithium-ion battery constituents . . . . . .. .. .. ... ... ... 2

1.2 Lithium-ion battery cycling and characteristics . . . . . . . . . .. ... ... 4
1.2.1 Lithium-ion battery cycling . . . . . . . .. .. ... ... ... ... 4

1.2.2  Open circuit voltage and entropic potential . . . . . . . .. .. .. .. 6
1.2.3  Theoretical specific capacity . . . . . . . . ... ... ... 7

1.3 Electrochemical testing methods . . . . . . . ... ... ... . 8
1.3.1 Galvanostatic cycling . . . . . .. ... ... 8

1.3.2  Cyclic voltammetry . . . . . . . . . ... 9
1.3.3 Galvanostatic intermittent titration technique . . . . . .. ... . .. 10
1.3.4 Potentiometric entropy measurement technique . . . . . . ... . .. 11

1.4 Calorimetry . . . . . . . . . 12
1.4.1 Heat generation in battery system . . . . . .. .. . ... ... .. .. 13
1.4.2 Emergy balance . . . . . . ... ..o 15

1.5 Motivation of the present study . . . . . . . . .. .. ... ... .. ... .. 16
1.6 Objectives of the present study . . . . ... ... .. .. ... ... ..... 17
1.7 Organization of the document . . . . . . . .. ... .. ... ... ... ... 18

2 Thermodynamic analysis and interpretative guide to entropic potential

measurements of lithium-ion battery electrodes . . . . .. ... ... ... .. 19

2.1 Analysis . . . . 19

vii



2.1.1 Intercalation in homogeneous solid solution . . . . . . . . . .. .. .. 19
2.1.2  Ton ordering from a homogeneous solid solution . . . . . .. .. ... 31
2.1.3 Phase transition accompanied by a two-phase coexistence region . . . 36
2.1.4 Two-phase coexistence with a stable intermediate phase. . . . . . . . 39
2.2 Conclusion . . . . . .. L 42

3 Operando Calorimetry Informs the Origin of Rapid Rate Performance in

Microwave-Prepared TiNby,O; Electrodes . . . . . . .. ... ... ... ... .. 44
3.1 Materials and methods . . . . . . . . ... 44
3.1.1 Microwave synthesis of TiNbsO7 . . . . . . . . . ... ... ... ... 44
3.1.2  Structural characterization . . . . . . . . ... ... 0. 45
3.1.3 Electrochemical testing . . . . . . . ... ... 0oL 45
3.1.4 Potentiometric entropy measurement . . . . . .. ... ... L L. 46
3.1.5  Operando isothermal calorimetry . . . . . . . . ... ... ... ... 48

3.2 Results and discussion . . . .. ... Lo 48
3.2.1 Structural characterization . . . . . . . . .. ... 48
3.2.2 Electrochemical properties . . . . . . . . ... ... ... ... 50
3.2.3 entropic potential of TiNb,O7 . . . . . . . . . ... ... ... . ... 52
3.2.4 Heat generation of TiNb,O7 . . . . . . . .. .. ... ... 54

3.3 Conclusion . . . . . . .. 59

4 Potentiometric Entropy and Operando Calorimetric Measurements Reveal

Fast Charging Mechanisms in PNbgOo; . . . . . . . . . .. ... ... ... ... 61
4.1 Materials and methods . . . . . . . ... oo 61
4.1.1 Synthesis of PNbgOss powder . . . . . . .. .. .. ... ... .... 61

4.1.2 Electrode and device fabrication . . . . . . . ... ... 62

viil



4.1.3 Material characterization . . . . . . . . . . ... 62

4.1.4 Potentiometric entropy measurements . . . . . . . . .. ... ... 63
4.1.5  Operando isothermal calorimetry . . . . . .. ... ... ... .... 63
4.2 Results and discussion . . . . . ... 65
4.2.1 Material and Electrochemical characterization . . . . . ... ... .. 65
4.2.2 Entropic potential of PNbgOo5 . . . . . . . . . . . ... ... 67
4.2.3 Heat generationrates . . . . . . . .. ..o 70
4.3 Conclusion . . . . . . .. L 80

5 Probing the effect of particle size in the heat generation of Wadsley-Roth

Shear Phase (W(2V(35)307; with Operando Calorimetry . . . . . ... ... .. 81
5.1 Materials and methods . . . . . . . .. ... oo 81
5.1.1 Synthesis of (Wg2Vosg)307 powders . . . . . . . ... ... ... ... 81

5.1.2  Electrode and device fabrication . . . . . . . ... ..o 82

5.1.3 Potentiometric entropy measurements . . . . . . ... ..o 83

5.1.4  Operando isothermal calorimetry . . . . . . . ... ... ... .... 84

5.2 Results and discussion . . . . . .. ..o 85
5.2.1 Material and Electrochemical characterization . . . . . .. .. .. .. 85

522 Uyw(z,T) and U,y (x,T)/IT measurements . . . . . . . . . . . ... 89

5.2.3  Operando isothermal calorimetry . . . . . . .. ... ... ... ... 92

5.3 Conclusion . . . . . . . . 100

6 Conclusions and future work . . . . . .. .. ..o 102
6.1 Conclusions . . . . . . . .. 102
6.2 Future work . . . . . .. 104
A.1  Experimental procedures . . . . . . . ... ... L. 118

1X



A2
A3
A4

A5

B.6
B.7
D.8
D.J9
D.10

D.11

References

Vibrational entropy derivation . . . . . . . . .. ... ... ... 119
Density functional theory calculation for lithium metal counter electrode121
Electronic entropy of constant electronic density of state . . . . . .. 122

Free energy calculation for ion ordering from a homogeneous solid so-

lution . . . . .. 123
Synthesized materials . . . . . . . ... oL 124
Potentiometric entropy measurement . . . . . . . ... ... ... .. 125
b-value analysis . . . . .. ... oo 130
Insulator to metal transition . . . . . .. ... ... 0L 131
Instantaneous heat generation rate . . . . .. .. ... ... ... .. 132
Apparent diffusion coefficient . . . . . ... 133
........................................ 134



1.1

1.2

1.3

1.4

1.5

2.1

2.2

2.3

LisT OoF FIGURES

Schematic of the ionic and electronic transport processes in a lithium-ion bat-
tery and redox reactions associated with the (a) discharging and (b) charging

PTOCESSES. . . . . . . v o oo e e e e e e e e e e e e e e e e e e e e

(a) Schematic of applied current I as a function of time ¢ and (b) operat-
ing voltage V(x,T') as a function of specific capacity C' during galvanostatic

cycling at three different C-rates. . . . . . . . . .. .. ... .. ... .. ..

(a) Schematic of imposed potential V(z,T) as a function of time ¢ and (b)
measured current [ as a function of imposed potential V (x,T) during cyclic

voltammetry at three different scan ratesv. . . . . . . .. ... ...

Schematic of imposed current I and measured potential V' (x,T") as a function

of time ¢ during Galvanostatic intermittent titration technique. . . . . . . . .

Schematic of cell temperature T" and measured open circuit voltage Uy, (z, T)

as a function of time ¢ during potentiometric entropy measurement technique.

(a) Schematic plots of Gibbs free energy gri,ma(z,T), (b) chemical poten-

tial plMA

1

(x,T), (c) entropy spi,ma(z,T) of Li,MA, and (d) open circuit
voltage U, (2, T) and entropic potential OU,e,(x,T)/OT of the battery cell
as functions of lithium composition x at temperature 7" when MA forms a

homogeneous solid solution upon lithiation. . . . . . . .. ... . ... ...

(a) Calculated configurational entropy si‘i:{/[ Az, T) of Li,MA [Eq.(2.3)], and
(b) configurational entropic potential QU™ (z,T)/OT of the battery cell

[Eq.(2.4)] as functions of lithium composition z for an ideal homogeneous

solid solution Li, MA. . . . . . . . . . .

(a) Vibrational entropy sy%\;s (2, T) of Li,MA [Eq.(2.9)], and (b) vibrational
entropic potential UYL (z, T)/OT of the battery cell [Eq.(2.10)] as functions

ocv

of lithium composition x for an ideal solid solution Li,MA. . . . . .. . ...

x1

12



24

2.5

2.6

2.7

2.8

elec

(a) Box-shaped and (b) square-root-shaped density of state Df*};5 (¢) of Li, MA
as functions of electric energy e. Electronic entropy s{(z,T) of Li,MA
corresponding to (c) a box-shaped Dfie;,(€) and (d) a square-root-shaped
Die5ya(€), and electronic entropic potential QUL (x, T) /T of a battery cell
for (e) a box-shaped Df§;,(€) and (f) a square-root-shaped Dfi5;(€) as
functions of lithium composition x. . . . . . . ... ... ...
(a) Calculated entropy associated with configurational {7y, (z,T), vibra-
tional s}y, (2, T), and electronic s{«§,(2,T) excitations as well as the
partial entropy of the Li,MA electrode, i.e., spi,ma(z,T) = SE?ZI{/IA(JI,T) +
s ia (@, T) + s§5a (2, T). (b) Calculated entropic potential associated with
configurational QU™ (x, T')/OT, vibrational QU (z,T)/OT, and electronic

ocv ocv

oUckee(x, T /OT excitations as well as the entropic potential of the battery,

i.e., OU,ep(x, T) /0T = U (2, T) /0T + QU (2, T) JOT + ULz, T) /T .
(a) The Gibbs free energy gri,ma(x,T’) of Li,MA, (b) the open circuit voltage
Upeo(2,T) of the battery cell, (c) the entropy spima(x,7) of Li,MA, and
(d) the entropic potential OU,e,(z,T)/0T of the battery cell as functions of

lithium composition x at temperature 7" with varying 6 = € /ea. . . . . . . .

Measured open circuit voltage U,e, (z,T') and entropic potential OU,e, (z,T') /0T
as functions of lithium composition « in (a) Li, TiSs during lithiation, and (b)

Li,CoOq during delithiation. . . . . . . . .. . ... ... ... .......

(a) Schematic plots of Gibbs free energy grima(z,T), (b) chemical poten-
tial ppi?™MA(z, T), (c) entropy spima(z, T) of Li,MA, and (d) Open circuit
voltage U,e,(x,T) and entropic potential U, (x,T)/OT of the battery cell
as functions of lithium composition = at temperature T during a first order
phase transition accompanied by a lithium poor phase Li,MA coexisting with

a lithium rich phase LigMA. . . . . . . . ... ... ... .. ...,

xii

31



29

2.10

2.11

3.1

3.2

3.3

3.4

Open circuit voltage U,e, (2, T'), and entropic potential QU (z, T') /OT as func-
tions of lithium composition x in (a) Li;Ti5/304 [1], and (b) Li,FePO, [2]

during lithiation. . . . . . . ... oo

(a) Schematic plots of Gibbs free energy gri,ma(x,7T), (b) chemical potential
pr=™MA (2 T), (¢) entropy spi,ma(z,T) of the Li,MA, and (d) Open circuit
voltage U,e,(x, T) and entropic potential OU,,(z,T)/OT of the battery cell as
functions of lithium composition x at temperature T" for two coexisting phases

Li,MA and LigMA with a stable intermediate phase Li,MA. . . . . . . . ..

Open circuit voltage U,ey (2, T'), and entropic potential QU (z, T') /OT as func-

tions of lithium composition x in Li,Cg during lithiation. . . . . . . . . . ..

Schematic of the experimental setup used for the potentiometric entropy mea-

surement. . ... L L L L L e e s

(a) Synchrotron X-ray diffraction pattern and (b) SEM image of the TiNbyO5
particles synthesized by the proposed microwave method, (c) crystallographic

structure of pure TiNboO7. . . . . . . . . .. .

(a) Cyclic voltammogram of TiNbyO~ half-cell cycled with a potential window
ranging from 1.0 to 3.0 V vs. Li/Li" at different scan rates v, (b) measured
peak current I, as a function of v for the anodic peak, and (c) for the
cathodic peak, (d) specific capacity retention of the TiNbyO7 at various C-

rates in the voltage range of 1.0-3.0 V. . . . . . .. .. ... ...

Galvanostatic intermittent titration technique (GITT) curve plotting (a) cell
potential V(x,t) and open circuit voltage Uy, (z, T') during delithiation and
lithiation as functions of lithium composition x in Li, TiNbsO7; (b) entropic
potential OU,e,(z,T)/0T and open circuit voltage Uy, (2, T') as functions of
x during lithiation. Both measurements were taken at C-rate of 2C and tem-

perature T =20 °C. . . . . . . .

xiil

41



3.5

3.6

3.7

4.1

4.2

4.3

(a) Irreversible Joule heat generation rate @ (x,t) during lithiation, and
delithiation [Eqs.3(1)], and (b) reversible heat generation rate Qpe,(x,t) dur-
ing lithiation and delithiation [Eqs.3(2)] as functions of lithium composition

x in Li, TiNboO; at temperature T'=20°C. . . . . . . . . ... . ... ...

Heat generation rates Qr(z,t), Qs (z,t), Qs (x, 1)+ Qrev(z, 1) [Eqs.3(1),(2),(5)]
and cell voltage V' (z,t) measured upon (a) lithiation, (b) delithiation at C-
rate of 2C at 20 °C. (c) Apparent diffusion coefficient D+ of lithium ion in
Li, TiNbyO; and (d) enthalpy of mixing Qmi.(z,t) = Qr(z,t) — [Q(z,t) +
Qrev (2, )] as functions of lithium composition « in Li, TiNb,O7 at temperature

T =20°C. . ..

Net electrical energy losses AFE, and total thermal energy dissipated Q)7 for
the first five charging-discharging cycles as well as that due to Joule heating

(s during lithiation and delithiation. The enthalpy of mixing corresponds to
Qumiz =Qr—Qy=AFE. — Q.. . . . . .

(a) X-ray diffraction pattern of the pristine PNbgOs5 particles synthesized,
(b) cyclic voltammogram of PNbgOys half-cell cycled with potential window
ranging from 1.0 to 3.0 V vs. Li/Li" at different scan rates v, (c¢) galvanostatic
charge-discharge potential profile, and (d) specific capacity retention of the
PNbgOss5 half-cell cycled between 1.0 and 3.0 V vs. Li/Li™ at C-rates between
C/10 and 40C. . . . . . .

Open circuit voltage U,e, (2, T') and entropic potential OU,e, (2, T') /OT of PNbgOags

half cell as functions of lithium composition z in Li,PNbgOss; during lithiation

at C-rate of C/10. . . . . . . . . .

Measured instantaneous heat generation rates QpNo(t) at the PNbgO5 elec-
trode, Qr;(t) at the lithium metal electrode, and Qr(t) = Qpno(t) + QLi(t)
in the cell as functions of dimensionless time t/t.4 for three consecutive cycles
with potential window ranging from 1.0 V to 3.0 V vs Li/Lit at C-rates of
(a) 1C, (b) 2C, and (c) 3C.. . . . . . .

Xiv

55



4.4

4.5

4.6

4.7

5.1

Instantaneous heat generation rates Q pno(x) at the PNbgOgs electrode dur-
ing (a) lithiation, (b) delithiation, and Q;(z) at the lithium metal electrode
during (c) lithiation, (d) delithiation in the calorimetric cell cycled between
1.0 and 3.0 V vs. Li/Li* at C-rates of 1C, 2C, and 3C as functions of z in
Li,PNbgOos. . . . . . o o

Time-averaged (a) irreversible heat generation rates éim pyo and CTQW, i, and
(b) reversible heat generation rates |C§rev, pno,j| and |C§rev7 Li,;| during charging
(j = ¢) and discharging (j = d), and (c) ratio of |C72Tev,i’c/(_f/e)|, as functions
of current I, based on the isothermal operando calorimetry measurements at

20 °C. L

Measured total heat generation rate QT(:U) and heat generation rates Q J(z),
Q. () +Qrev () calculated according to eqs.4(9) and (10) along with operating
voltage V' (z) of a cell upon (a) lithiation, (b) delithiation at C-rate of 1C, (c)
lithiation, (d) delithiation at C-rate of 2C, and (e) lithiation, (f) delithiation
at C-rate of 3C at 20 °C. . . . . . . ...

Net electrical energy losses AFE, and total thermal energy dissipated Q1 av-
eraged over the first five charging-discharging cycles as well as contributions
from Joule heating (); during lithiation and delithiation. The enthalpy of

mixing corresponds to0 Qi = Qr — Qy=AE. —Qy. . . . . . . ... ..

Scanning electron microscope images of (a) (Wo2Vyg)3O07 microparticles syn-
thesized by solid-state method and (b) nanoparticles made by sol-gel synthesis

combined with freeze-drying method. . . . . . . .. .. ...

XV

86



5.2

5.3

5.4

5.5

5.6

Cyclic voltammogram of the cell containing electrode made of (W 2Vg)307
in the form of (a) microparticles synthesized by solid-state method and of (b)
nanoparticles from freeze-drying method cycled with potential window ranging
from 1.0 to 3.0 V vs. Li/Lit at different scan rates v, (¢) galvanostatic charge-
discharge potential profile at C-rate of C/5, and (d) specific capacity retention
of the cell cycled between 1.0 and 3.0 V vs. Li/Li" at C-rates between C/5
and 10C. . . . . .

Open circuit voltage Uy (z, 1) and entropic potential OU,e,(x,T) /0T of the
cell containing electrodes made of (W 2V 5)307 (a,c) microparticles and (b,d)
nanoparticles during (a,b) lithiation and (c,d) delithiation as functions of

lithium composition z in Li,(W(2V(s)307 at temperature T = 20 °C. . . . .

Measured instantaneous heat generation rates Qwvo(t) at the (W(2Vog)307-
based electrodes and @Qp;(t) at the lithium metal electrode averaged over 5
consecutive cycles as functions of lithium composition x in Li,(Wy2Vs)307
with potential window ranging from 1.0 V to 3.0 V vs. Li/Li™ at C-rates of
(a,d) 1C, (b,e) 2C, and (c,f) 3C for (Wy2V5)307 (a,b,c) microparticles and

(d,e,f) nanoparticles. . . . . ...

Time-averaged irreversible heat generation rates Qirr,WVO and Qim i, as func-
tions of applied current I based on the isothermal operando calorimetry mea-

surements at temperature T'=20°C. . . . . . . . ... ... ...

Measured total heat generation rate Qr(x)=Qr:(z)+Qwvo(z) and predic-
tions of the heat generation rates Q;(z) and Q ;(2)+Qyey(2) calculated based
on eqs.5(4) and (5) along with the measured voltage V' (z) upon (a,c) lithia-
tion, (b,d) delithiation at C-rate of 1C for a cell containing electrode consist-
ing of (a,b) (Wo2Vos)307 microparticles synthesized by solid-state method
and (c,d) (Wg2Vos)307 nanoparticles synthesized by freeze-drying method at

temperature T =20 °C. . . . . . . ..

Xvi

90



5.7

5.8

6.1

6.2

6.3

Measured total heat generation rate Qr(x)=Qr:(z)+Qwvo(z) and predic-
tions of the heat generation rates Q () and Q(x)+Qyes(2) calculated based
on eqs.5(4) and (5) along with the measured voltage V' (z) upon (a,c) lithia-
tion, (b,d) delithiation at C-rate of 3C for a cell containing electrode consist-
ing of (a,b) (Wo2Vos)307 microparticles synthesized by solid-state method
and (c,d) (Wg2Vo.s)307 nanoparticles synthesized by freeze-drying method at
temperature T' =20 °C. . . . . . ...

Measured specific net electrical energy losses AE, /C,, and total specific ther-
mal energy dissipated Q7 /C,, averaged over the first five charging-discharging
cycles as well as predicted contributions from Joule heating @ ;/C,, dur-
ing lithiation and delithiation for a cell made of an electrode consisting of
(Wy2V5)307 (a) microparticles synthesized by solid-state method and (b)

nanoparticles synthesized by freeze-drying method. The enthalpy of mixing
corresponds t0 Qiz/Cm = Qr/Cr — Qi /C = AE./Cry — Qs /Cre .« ..

Open circuit voltage U,e, (2, T) of cells containing electrodes made of LisFeS,
LigFeSSe, and LisFeSe, during (a) charging (delithiation) as functions of state
of charge and (b) discharging (lithiation) as functions of state of discharge at

temperature T =20 °C. . . . . . . ...

Entropic potential OU,.,(x,T) /0T of the cells with electrodes made of LisFeS,,
LisFeSSe, and LisFeSe, during (a) charging (delithiation) as functions of state
of charge and (b) discharging (lithiation) as functions of state of discharge at

temperature T =20 °C. . . . . . . ...

Open circuit voltage U,e, (2, T) and entropic potential OU,e, (x,T) /0T of the
cell containing electrodes made of FeS, during (a,b) lithiation and (c,d) delithi-

ation as functions of lithium composition z in Li,FeS, at temperature (a,c) 7'

=20°Cand (bd) T=65°C. . . ... ... .

XVvil

99



6.4

6.5

6.6

6.7

6.8

A9

A10

Open circuit voltage U,e,(z,T) and entropic potential OU,e,(x, T) /0T of the
cell containing electrodes made of NCA with (a) PVDF, (b) Hex:OE, and
(¢) PProDOT-Hxs; (d) entropic potential U, (x,T) /0T of all three cells as
functions of open circuit voltage Uy, (x,T) during delithiation as functions of

specific capacity at temperature T'=20°C. . . .. . ... ... ... ....

Open circuit voltage U,e,(z,T) and entropic potential OU,,(x, T) /0T of the
cell containing electrodes made of NCA with (a) PVDF, (b) Hex:OE, and
(¢) PProDOT-Hxy; (d) entropic potential QU (z,T)/0T of all three cells as
functions of open circuit voltage Uy, (x,T) during lithiation as functions of

specific capacity at temperature T'=20°C. . . . . . . . ... ... ... ..

Measured instantaneous heat generation rates Q ~nea(t) at the NCA electrodes
and Q;(t) at the lithium metal electrode averaged over 5 consecutive cycles
as functions of dimensionless time t.; with potential window ranging from 2.7
V to 4.2 V vs. Li/Li* at C-rates of (a,c,e) 1C and (b,d,f) 3C for NCA with
(a,b) PVDF, (c,d) Hex:OE, and (e,f) PProDOT-Hxs. . . . . . .. .. .. ..

Time-averaged irreversible heat generation rates Qm, Nca and Qm, Li, as func-
tions of applied current I based on the isothermal operando calorimetry mea-

surements at temperature T =20°C. . . . . . . . . . ... ... ...

Net electrical energy loss AFE, and total thermal energy dissipated Q7 over
a charging/discharging cycle for calorimetric cells with NCA electrodes with

(a) PVDF, (b) Hex:OE, and (c¢) PProDOT-Hx, as functions of C-rate.

Calculated electronic density of states of body centered cubic (BCC) lithium
metal as a function of energy based on density functional theory (DFT) cal-

culations. . . . . L

(a) Constant electronic density of state Dfi5, (¢) of Li,MA as functions of
electric energy e. (b) Electronic entropy sfi*3,x (2, T') of Li,MA, and (c) elec-
tronic entropic potential QU (z, T')/OT of a battery cell for constant elec-

ocv

tronic density of state as functions of lithium composition z. . . . . . . . ..

xXviil

117

122



All

B12

B13

B14

C15

C16

C17

D18

D19

The Gibbs free energy gri,ma(z,T) of Li,MA as functions of lithium compo-
sition z and sublattice concentration x; for (a) 6 = €;/ea=1, (b) 6=20, (c)

0=50, and (d) =100. . . . . . . . . .

SEM images of the TiNboO7 particles synthesized (a),(b) by the conventional

solid state synthesis method, (c),(d) by the microwave synthesis method.

Measured voltage V(x,t) during potentiometric entropy measurement as a

function of time t at C-rate of 2C. . . . . . . . . ...

(a) Measured voltage V (z,t) during 4 current pule and relaxation period as
a function of time ¢, and (b) the enlarged measured voltage V(z,t) during

relaxation time circled in Figure B5 (a). . . . . .. ... ... ..

Measured peak current I, as a function of scan rate v for the (a) cathodic

peaks, and (b) for the anodic peaks. . . . . . . ... ...

Schematic illustration of (a) electronic entropy s““(x,T) and (b) Entropic
potential Uy, (z,T)/OT upon insulator to metal transition as functions of

lithium composition . . . . . . . . . . . ...

Apparent diffusion coefficient Dp;+(z,T) of lithium ion in PNbgOo5 as a func-

tion of open circuit voltage Upeo(z,T). . .« « o o o o oo oo

Measured peak current ... as a function of scan rate v for the electrode

consisting of a) microparticles and that consisting of b) nanoparticles. . . . .

(a) Density of state D5, (€) of Li,MA as functions of electric energy e-¢;
for z = 0, 0.2, 0.4, and 0.6. b) Corresponding electronic entropy s{<5;, (z, T
of Li,MA and c) electronic entropic potential QU(x, T')/OT as functions of

ocv

lithium composition z. d) (b) Entropic potential associated with configura-

124

tional U (x,T) /0T, vibrational QUYL (x, T) /0T, and electronic QU (z, T) /0T

ocv ocv ocv

excitations as well as the entropic potential of the battery, i.e., QU (2, T) /0T =
ouen (x, T) /0T + OUY(x,T) /0T + oUE<e(x, T)/OT. . . . . . . . .. ...

ocv ocv ocv

Xix



D20 Measured instantaneous heat generation rates Quvo (t) at the (W 2Vog)307-
based electrodes and Qp;(t) at the lithium metal electrode as functions of
diemsionless time ¢ /t.q for 3 consecutive cycles with potential window ranging
from 1.0 V to 3.0 V vs. Li/Li* at C-rates of (a,d) 1C, (b,e) 2C, and (c,f) 3C
for (Wp2Vos)3O7 (a,b,c) microparticles and (d,e,f) nanoparticles. . . . . . . 132

D21 Apparent diffusion coefficient D+ calculated from GITT for the electrode

consisting of a) microparticles and that consisting of b) nanoparticles. . . . 133



NOMENCLATURE

A Surface area, m?

C Specific capacity, mAh/g

c Concentration, mol/m?

D Apparent diffusion coefficient of ion into electrode, cm? /s
E Energy dissipated, J

F Faraday constant, 96,485 C/mol

G Gibbs free energy, J

g Molar Gibbs free energy, J/mol

g Partial molar Gibbs free energy, J/mol
H Enthalpy, J

h Molar enthalpy, J/mol

h Partial molar enthalpy, J/mol

1 Current, mA

M Molecular weight, g/mol

N Number of moles, mol

n Valency of material

D Pressure, Pa

Q Dissipated heat, J

Q Instantaneous heat generation rate, W
q’ Heat flux, W/m?

R; Internal resistance, €2

T Reaction rate, mol/s

S Entropy, J/K

s Molar entropy, J/mol-K

5 Partial molar entropy, J/mol-K

T Temperature, K

t Time, t

xxi



Usper Open circuit voltage, V

V Operating voltage, V

Ve Volume of electrode, m?

x Ion composition in the host material

AE, Electrical energy losses due to voltage hysteresis, J

AU, Change in open circuit voltage between two consecutive current pulses, V
AV Voltage difference generated in the heat flux sensor, uV

AV, Change in cell potential due to current pulses excluding the IR drop, V

Greek symbols

Overpotential, V
Chemical potential, J/mol
Scan rate, mV /s

Duration of current pulse, sec

Superscripts and subscripts

avg
de

e

urr

J

Li

Lit

7
measured
mix

rev

rTn

ST

Refers to volume-averaged
Refers to delithiation

Refers to electron charge
Refers to irreversible process
Refers to Joule heating
Refers to lithium metal
Refers to lithium ion

Refers to lithiation

Refers to measured

Refers to enthalpy of mixing
Refers to reversible process
Refers to reaction

Refers to side reaction

xxi1



T Refers to total

theo Refers to theoretical
cathode Refers to cathode
anode Refers to anode

xxiil



ACKNOWLEDGMENTS

Firstly, I would like to thank my advisor, Prof. Laurent Pilon, for his mentorship throughout
my Ph.D. study. His guidance, motivation, and excitement helped me to complete my
doctoral work. I honestly believe that I would not be able to complete my degree without

his help.

Secondly, I would like to thank my Ph.D. committee members Prof. Anton Van der Ven,
Prof. Sarah Tolbert, and Prof. Bruce Dunn for serving on my thesis committee. I would also
like I would also like to acknowledge all my current and former lab members Dr. Tiphaine
Galy, Jack Hoeniges, Sara Vallejo-Castano, Dr. Michal Marszewski, Matevz Frajnkovié, Ali
Dashti, Dr. Ampol Likitchatchawankun, Dr. Obaidallah Mohammad Munteshari. Finally,

I would like to thank my family for their patience and unconditional support.

XX1V



ViTA

2012-2018 B.S.  Mechanical and Aerospace Engineering Department,
University of California, Los Angeles, U.S.

2018-2019 M.S, Mechanical and Aerospace Engineering Department,
University of California, Los Angeles, U.S.

PUBLICATIONS

SW. Baek, K.E. Wyckoff, D.M. Butts, J. Bienz, A. Likitchatchawankun, M.B. Preefer,
M. Frajnkovi¢, B.S. Dunn, R. Seshadri, L. Pilon, 2021, Operando calorimetry informs the

origin of rapid rate performance in microwave-prepared TiNb,O7 electrodes, Journal of Power

Sources, Vol. 490, pp. 229537.

SW. Baek, M.B. Preefer, M. Saber, K. Zhai, M. Frajnkovi¢, Y. Zhou, B.S. Dunn, A. Van
der Ven, R. Seshadri, L. Pilon, 2022, Potentiometric entropy and operando calorimetric
measurements reveal fast cahrging mechanisms in PNbgOys5, Journal of Power Sources, Vol.

520, pp. 230776.

K.E. Wyckoff, J.L.. Kaufman, SW. Baek, C. Dolle, J.J. Zak, J. Bienz, L. Kautzsch, R.C.
Vincent, A. Zohar, K.A. See, Y.M. Eggeler, L. Pilon, A. Van der Ven, R. Seshadri, 2022,
Metal-metal bonding as an electrode design principle in the low-strain cluster compound

LiScMo30Og, Journal of the Americal Chemical Society, Vol. 144, No. 13, pp. 5841-5854.

SW. Baek, M. Saber, A. Van der Ven, L. Pilon, 2022, Thermodynamic analysis and inter-

pretative guide to entropic potential measurements of lithium-ion battery electrodes, Journal

XXV



of Physical Chemistry C, Vol. 126, No. 14, pp. 6096-6110.

Y. Zhou, E. Le Calvez, SW. Baek, M. Frajnkovi¢, C. Douard, E. Gautron, O. Crosnier, T.
Brousse, L. Pilon, 2022, Effect of particle size on thermodynamics and lithium ion transport
in electrodes made of TiyNbyOg micropatricles or nanoparticles, Energy Storage Materials,

Vol. 52 (Print in progress).

M. Frajnkovi¢, A. Likitchatchawankun, C. Douard, Y. Zhou, SW. Baek, I. Catton, O.
Crosnier, T. Brousse, L. Pilon, 2022, Calorimetry can detect the early onset of hydrolysis in

hybrid supercapacitors with aqueous electrolytes, SSRN 4139099 (Print in progress).
SW. Baek, K.E. Wyckoff, D.D. Robertson, M. Frajnkovi¢, Y. Zhou, S.H. Tolbert, R. Se-

shadri, and L. Pilon, 2022, Probing the effect of particle size in the heat generation of

Wadsley-Roth shear phase (W 2V.5)307 with operando calorimetry, (writing in progress).

XXV1



CHAPTER 1

Introduction

Batteries are electrical energy storage devices that can provide power by converting chemical
energy directly into electrical energy. This chapter provides introductory information about

batteries and presents the motivations and objectives of this Ph.D. thesis.

1.1 Lithium ion batteries

1.1.1 introduction

Batteries with high energy density, compact size, and long-life have received significant in-
terest driven by the remarkable increase in demand for portable consumer electronics and
electric vehicles (EV) [3-7]. Batteries, first developed by Alessandro Volta in 1799 [8, 9],
can be categorized into (i) primary batteries, and (ii) secondary batteries [10-12]. Primary
batteries can be used only once and cannot be recharged due to irreversible electrochemical
reduction/oxidation (redox) reactions [12]. For example, zinc—carbon batteries are some of
the most studied primary batteries [13]. On the other hand, secondary batteries are recharge-
able thanks to reversible redox reactions [12]. Primary batteries hold the major share of the
commercial battery market including for small electronic devices. However, they generate
toxic waste and are environmentally unfriendly. By contrast, secondary batteries, such as (i)
nickel-metal hydride, (ii) lithium-ion batteries (LIBs), and (iii) sodium-ion batteries (SIBs),
have received significant attention with the increasing use of portable electronics (e.g., cell
phones) and EVs, and the desire to use more environmental friendly technology [14-18].
Out of many types of secondary batteries, LIBs are the most widely used secondary batter-

ies owing to their high energy density and high reversibility compared to other secondary



batteries [19,20]. In the following subsection, the components of the LIBs are discussed to

understand overall geometry of LIBs.

1.1.2 Lithium-ion battery constituents

LIBs typically consist of two electrodes separated by a separator imbibed with an electrolyte.

This subsection reviews the different electrode materials and electrolytes.

Electrodes

Electrodes used in batteries include (i) a cathode or positive electrode, (ii) an anode or
negative electrode. The cathode corresponds to the oxidizing electrode and accepts electrons
from the external circuit during discharging. It is reduced during the discharging process.
The anode is the reducing electrode and gives up electrons to the external circuit during

discharging. It is oxidized during the discharging process.

An ideal cathode materials should be (i) an efficient oxidizing agent, (ii) able to operate
under high working voltage, and (iii) stable when in contact with the electrolyte [12,21,22].
For LIBs, the earliest cathode material that satisfied all these conditions was titanium disul-
fide (TiSy) proposed by Whittingham [23]. The layered crystal structure of TiSy allows
lithium ions to intercalate and be stored between layers. However, the operating voltage
of the TiS, was relatively low (~ 2 V vs. Li/Li") [23]. Thus, many researchers have been
investigating several alternative materials with a similar layered structure. In 1980s, Good-
enough’s group [24] discovered that layered oxides such as LiCoOs have the same layered
structure as TiS, and lithium ion can be electrochemically and reversibly inserted and ex-
tracted at relatively high operating voltage (~ 4 V vs. Li/Li"). Since then, oxides with

layered structure have become the most common cathode material for LIBs.

An ideal anode should (i) be an efficient reducing agent, (ii) have a high specific ca-
pacity, and (iii) be stable in contact with the electrolyte [12,21,22]. For LIBs, the earliest
anode material that satisfied all these conditions was graphite proposed by Besenhard [25]

in 1970. Graphite electrodes are still widely used in many commercial devices since they



are inexpensive to fabricate and feature a large theoretical capacity (= 370 mAh/g) [26].
However, graphite anodes suffer from performance degradation associated with formation of
solid-electrolyte interface (SEI) layer due to its low operation voltage(~ 0.2 V vs. Li/Li").
Moreover, the poor performance of graphite anodes at high C-rates limits the application of
graphite anode for fast-charging LIB. Recently many conducting oxide, such as TiOq [27],
LiCrTiO4 [28], and LisTi5042 [29] were investigated as promising alternatives. In fact, con-
ducting oxide based electrodes operate at higher voltage and cause less SEI formation than
graphite electrodes [30]. For example, TiNbyO7 proposed by Goodenough [31], has replaced
graphite anodes in many commercial devices not only due to its high theoretical capacity (=
370 mAh/g) and high operating voltage (~ 1.5 V vs. Li/Li") but also due to its ability to

maintain large capacity at high C-rates [32].

Electrolytes

The electrolytes enable ion transport between the anode and the cathode to match the
electrical current in the external circuits. The main key of the ideal electrolyte is that
it should have a good ionic conductivity yet it should not be electrically conductive to
avoid internal short-circuiting. In addition, suitable electrolytes may be (i) nonreactive with
the electrode materials, (ii) stable over a wide range of temperature and potential, (iii)

inexpensive, (iv) non-toxic, and (vi) non flammable.

There exist mainly five different types of electrolytes namely (i) aqueous electrolytes,
(ii) organic electrolytes, (iii) ionic liquids, (iv) polymer/solid electrolytes, and (v) hybrid
electrolytes. Aqueous electrolytes are made by dissolving salt into deionized water. They
are inexpensive and environmental friendly. However, they cannot operate below 0 °C since
H50 freezes and limits ion transfer. Also, they cannot operate above 1.23 V since HyO un-
dergoes electrolysis and creates Hy and O, bubbles that pose safety concerns [33]. Organic
electrolytes are made by dissolving salt, such as lithium hexafluorophosphate (LiPFg) into
an organic solvent, such as ethylene carbonate (EC) or dimethyl carbonate (DMC). They

can operate over the wider range of potential window and are commonly used in many LIBs.



However, organic electrolytes have high volatility and flammability that pose serious safety
concerns [34]. Ionic liquids are salts in the liquid state at room temperature. They are elec-
trochemically and thermally stable and exhibit high ionic conductivity. However, they are
currently used only for research purposes due to their high cost. Polymer electrolytes also
known as solid electrolytes were developed to overcome the low mechanical strength of liquid
electrolytes. Polymer electrolytes can be further divided into (i) solid-state polymer elec-
trolytes such as polyethylene oxides, and (ii) gel polymer electrolytes such as polyvinylidene
fluoride. They are thermally stable and exhibit low volatility. However, polymer electrolytes
are not widely used in commercial devices due to their low ionic conductivity [35]. Hy-
brid electrolytes are mixtures of two or more different types of the previously mentioned
electrolytes. They are developed to overcome the disadvantages of each type of electrolytes.
Ionogel, a composite material consisting of an ionic liquids immobilized by a polymer matrix,
is one example of hybrid electrolytes that combined ionic liquids and polymer electrolyte. A
recent study shows that ionogels can achieve both high mechanical strength and high ionic
conductivity [36]. However, their adoption is limited by complicated preparation compared

to other types of electrolytes.

1.2 Lithium-ion battery cycling and characteristics

This section presents physicochemical phenomena occurring at the cathode and the anode
upon operation of battery. In addition, important LIB characteristics, such as open circuit

voltage, entropic potential and theoretical specific capacitiy, are discussed to.

1.2.1 Lithium-ion battery cycling

Figures 1.1(a) and 1.1(b) show a typical LIB consisting of a metallic intercalation compound
MA serving as the cathode, a lithium metal electrode serving as the anode, and a Li-ion
based electrolyte. The intercalation compound MA consists of a transition metal M and
an anion unit referred to as A. Figure 1.1(a) schematically shows the direction of ion and

electron transport in a LIB during discharging. Then, the Li* ions intercalate into the MA
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Figure 1.1: Schematic of the ionic and electronic transport processes in a lithium-ion battery

and redox reactions associated with the (a) discharging and (b) charging processes.

cathode to balance the charge of electrons coming from the oxidation of the metallic lithium

anode according to [21,37]
Li— (1 —2)Li+zLi" + ze™. (1.1)

Upon insertion of Li* ions in the cathode, MA transforms into a lithiated compound Li, MA
according to [21,37],
MA + zLi* + ze~ — Li,MA. (1.2)

The lithium composition x is defined as the fraction of the number of intercalated lithium

Ni; per number of host MA units Nya, i.e.,

Ny
T = . 1.3
Nua (1.3)

Combining Eqs.(1.1) and (1.2) yields the overall reaction of the battery system during dis-
charging [21,37]
MA + Li — Li,MA + (1 — z)Li. (1.4)

The arrows in the above reactions are reversed during charging, as schematically illustrated

in Figure 1.1(b).



1.2.2 Open circuit voltage and entropic potential

Variations in the lithium composition z of the cathode material during charging/discharging
leads to a change in the open circuit voltage of the battery. The open circuit voltage
Uper(x, T) of a Li™ ion battery is related to fundamental thermodynamic quantities of the
electrodes according to the Nernst equation expressed as [38]

u (@ T) — i (T)

Upeo (2, T) = — L (1.5)

e

where e is the elementary charge while u%IMA

1

(x,T) and pg;(T) are respectively the Li
chemical potentials of Li;MA in the cathode and of metallic Li in the anode. The lithium
chemical potential MEIMA(I,T) of Li;MA is related to the Gibbs free energy of Li,MA

according to

Pl . T) =

OGLi,mA (7, T) (agLixMA(I7T)NMA) ( Ox ) ~ Ogri,ma(z, T)
B ox

= 1.6
8NLi 8$ 8NL1 ( )
where gr; ma(z,T) is the Gibbs free energy of Li,MA normalized by the number Ny of MA
units. Furthermore, the chemical potential of Li in the anode can be expressed as

(1) = 2280 ST g (1.7)

where the middle equality holds because the anode is a pure Li metal, i.e., a single component
solid. Here, Eq.(1.7) assumes that the metallic Li electrode has macroscopic dimensions and
that contributions from surface energy can be neglected [39]. In this thermodynamic limit,

the Li chemical potential of the anode is a constant under isothermal and isobaric conditions.

By substituting Eqs.(1.6) and (1.7) into Eq.(1.5), the open circuit voltage Uy (2, T) of

the battery can be related to the Gibbs free energies of the two electrodes as

1 [39L1,MA(33 1)

Uocv(aja T) = _6 O - gﬁl(T):| . (18)

Based on the Clairaut’s theorem, taking the derivative of both sides of Eq.(1.8) with respect

to temperature T yields

ancv (.T, T) o 1 9, agLil‘MA (IL’, T) i agﬂ(T)
- oT oT '

or e

ox

(1.9)



The temperature derivative of the Gibbs free energy, under isobaric conditions, is related to
the entropy s(z,T') according to [40]

_0g(z,T)

S($,T) = a—T

(1.10)

where both s(x,T) and g(x,T) are normalized per unit of MA or metallic Li. Thus, it is
possible to relate the temperature derivative of the open circuit voltage to the entropies of

the cathode material and the Li anode according to

8Uocv(xaT) o 1 aSLiJcMA(xal-r) .

o7 - o s2.(T)] . (1.11)

Here, U, (x,T)/OT is also known as the entropic potential. The partial derivative with
respect to lithium composition = of the entropy of the cathode sp; ma(z,T) per unit MA
of Li;MA is referred to as the partial entropy. Note that s¢,(7") is the entropy of the
metallic lithium electrode which is always positive and depends only on temperature; at

room temperature s¢,(298K’) was reported to be 29 J/mol-K [41].

1.2.3 Theoretical specific capacity

The capacity of an electrode expresses the total amount of charge stored by the electrode and
is expressed in mAh. Since more active materials in the electrodes result in a greater capacity,
specific capacity, typically expressed in mAh/g, is used to characterize the charge stored in
the electrode. The theoretical specific capacity Cye, of the electrode can be calculated based

on the molecular weight of active electrode material M, i.e. [21],

nk
Cneo = 3600M

(1.12)

where n is the valency of the active electrode material. For example, the molecular weight
of graphite Cg is 72 g/mol, and the valency of graphite is 1 since the theoretically fully
lithiated state is LiCg. Therefore, the Cype, of graphite is 370 mAh/g. Furthermore, lithium
composition x in a battery electrode can be calculated based on the theoretical capacity

Cliheo such that

Cmeasured
r=—— 1.13
C1theo ( )

where Cleasured 18 €xperimentally measured specific capacity upon cycling.



1.3 Electrochemical testing methods

In this section, useful electrochemical testing methods, such as galvanostatic cycling, cyclic
voltammetry, and galvanostatic intermittent titration, and potentiometric entropy measure-

ment technique are presented.

1.3.1 Galvanostatic cycling
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Figure 1.2: (a) Schematic of applied current I as a function of time ¢ and (b) operating
voltage V' (z,T) as a function of specific capacity C' during galvanostatic cycling at three

different C-rates.

Galvanostatic cycling also known as constant current cycling is one of the fundamental
electrochemical testing methods for batteries. Figure 1.2(a) shows the imposed current I
as a function of time ¢. During galvanostatic cycling, a constant current is applied until
the desired cell voltage is reached. The operating voltage of the device is measured during
cycling. In battery systems, the charge and discharge current in galvanostatic cycling are
often expressed as a C-rate. The C-rate is a measure of the rate at which the battery is
charged or discharged based on its theoretical specific capacity. For instance, 1C means

that the current applied during galvanostatic cycling can completely charge or discharge the



theoretical specific capacity of the battery in one hour. Figure 1.2(b) illustrates how the
specific capacity of the device decreases with increasing C-rate due to the increase in the

overpotential n(x,T) = Upep(z, T) — V(x,T) [42,43].

1.3.2 Cyclic voltammetry
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Figure 1.3: (a) Schematic of imposed potential V' (z,T) as a function of time ¢t and (b)

measured current [ as a function of imposed potential V' (z,T) during cyclic voltammetry at

three different scan rates v.

Cyclic voltammetry (CV) is another electrochemical characterization method imposing
a triangular potential as a function of time [Figure 1.3(a)] while the resulting current is
measured simultaneously. The scan rate v represents the rate of voltage change with time,
as illustrated in Figure 1.3(a). During the forward scan, the imposed potential increases with
time and lithium-ions deintercalate from active materials in the electrode. In the beginning
of the forward scan, the measured current increases over time until the reduction potential
of active material in the electrode is reached. After the reduction potential is reached, the
measured current decreases and forms an oxidation peak in cyclic voltammogram as lithium-

ions in the active material are depleted [Figure 1.3(b)] [42]. On the other hands, during the



reverse scan, the imposed potential decreases with time and the active materials undergo
lithiation. If the active materials are reversible, the reduction peak is located at the same
potential as the oxidation peak. Figure 1.3(b) shows that the measured current increases
with increasing scan rate. This is because larger current is needed to force the redox reaction

to occur at a required rate [44].

1.3.3 Galvanostatic intermittent titration technique
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Figure 1.4: Schematic of imposed current I and measured potential V' (z,T') as a function of

time ¢ during Galvanostatic intermittent titration technique.

Galvanostatic intermittent titration technique (GITT) is another electrochemical char-
acterization method to measure the open circuit voltage U,e,(x,T) of the device as well as
the apparent diffusion coefficient of the ion D(z,T') into the electrode. Figure 1.4 shows the

imposed current and measured potential during GITT. The procedure of GITT consists of

10



a series of constant current pulses followed by a period of relaxation. The U,.,(z,T) of the
battery is the potential after relaxation when thermodynamic equilibrium has been reached
as shown as blue dots in the Figure 1.4. The key in the GITT is that long enough relaxation
time is needed for the device to reach its thermodynamic equilibrium. Typically, when the
change in voltage is less than 5 mV /hour, thermodynamic equilibrium is considered to be

reached and the corresponding cell potential is Uy, (x, T') [45].

In addition, the apparent diffusion coefficient D(x,T') of ions into the electrode can be

estimated by combining GITT and Fick’s second law of diffusion given by [45],
2 2

oty = 4 (16 (Ambe)* "

Here, 7 is the duration of the GITT current pulse, A, and V, are the surface area and

the volume of the electrode, respectively. In addition, AV;(x,T) is the change in the cell

potential as a result of the imposed current pulses excluding the IR drop at the beginning

of the current pulse, and AU, (z,T) is the change in the open circuit voltage between

two consecutive current pulses [Figure 1.4]. Here, IR drop is typically considered as the

sharp change in the potential for the first one millisecond from the beginning of the current

pulse [46].

1.3.4 Potentiometric entropy measurement technique

The entropic potential OU,e,(z,T)/0T of the coin cells is measured as functions of lithium
composition x using the potentiometric entropy measurement technique. In brief, the overall
process is very similar to GITT discussed previously. The potentiometric entropy measure-
ment technique consists of imposing a series of constant current pulses followed by a period
of relaxation. During the relaxation period, the temperature of the coin cell is varied typ-
ically from 15 °C to 25 °C in 5 °C increments using a thermoelectric cold plate in contact
with the coin cell. The corresponding coin cell voltage evolution is recorded with a high
accuracy potentiostat (Figure 1.5). The key in the potentiometric measurement is that the
coin cell needs to be in thermodynamic equilibrium before imposing the next temperature

step during the relaxation period. To do so, two conditions are simultaneously checked that
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Figure 1.5: Schematic of cell temperature 7" and measured open circuit voltage Uy, (z, T') as

a function of time t during potentiometric entropy measurement technique.

(i) the temperature difference between the cold plate and the top of the coin cell surface is
less than 0.1 °C and (ii) the time rate of change of the open circuit voltage OU,e,(x,T) /0t
is less than 5 mV /h.

1.4 Calorimetry

In this section, different contributions of heat generation of a battery system is discussed.

In addition, this section presents the energy balance of a battery system upon cycling.

12



1.4.1 Heat generation in battery system

The total instantaneous heat generation rate Qr(x,T) (in W) in a two-electrode cell can be
divided into four contributions namely (1) Joule heating Q;(z,T), (2) reversible entropic
heat generation Qm,(x, T), (3) enthalpy of mixing Qumiz(x,T), and (4) heat generation due
to side reactions Qs (z,T). Thus, Qr(x,T) can be expressed as [47-50],

QT(:E7T) = QJ(-T; T) + Qrev(xaT) + Qmm(aja T) + er(aja T) (115)

where Qp(z,T) is negative when the electrode absorbs heat and positive when it releases

heat.

Under isothermal conditions, the exothermic Joule heating Q J(z, T) associated with ir-

reversible resistive losses can be written as [47-50],

Qs(x, T)=1I[V(x,T)—U"(x,T)]. (1.16)

Here, I is the applied current and U9 (z,T) is the open circuit voltage evaluated at the
volume-averaged concentration of lithium ion in the cell considering a single electrochemical
reaction [51]. Specifically, U*9(z,T) is “the potential to which the cell would relax if the
current was interrupted [49].” In practice, U*9(x,T') can be measured using GITT at the
same C-rate as that used for the calorimetric measurements provided that the materials can
cycle sufficiently fast. In addition, [V (z,T') - U*9(x, T)] is the so-called battery overpotential

corresponding to the voltage drop due to internal resistance.

In addition, the reversible entropic heat generation rate Qrev(as,T ) associated with the

changes in the entropy of the battery upon cycling can be expressed as [47-49]

oU™9(z,T)

Qrev(xaT) =IT oT

(1.17)

Under extremely small current, Li is uniformly distributed within the cell and the operating
voltage V(x,T) is equal to the open circuit voltage Uy (2, T), ie., V(z,T) = U™ (2, T) =
Uper(x,T). Then, Q J(z,T) ~ 0 and heat generation is solely due to QTCU(ZE, T) [52]. However,
under high current, Q;(z,T') dominates [52] and Li concentration gradients form within the

working electrode and electrolyte due to mass transport resistance.

13



The heat generation rate from enthalpy of mixing Qmis (2, T') due to the ion concentration
gradients in the working electrode and electrolyte caused by diffusion limitation in the LIB

can be written as [47-49]

Qumiz(z,T) = /Z (2, T) — e (x T)]%iidV (1.18)

Here, V, is the volume of the cell, ¢; is the local concentration of ion species ¢. In addition,
hi(x, T) and h{"(x,T) are the local and the volume-averaged partial molar enthalpy of ion
species 1, respectively. The enthalpy of mixing is mainly caused by four different ionic con-
centration gradients (i) across the electrolyte due to mass transfer resistance, (ii) across the
electrode caused by non-uniform current distribution, (iii) within vacancies of the electrode,
and (iv) within intercalated Li in the electrode due to electrochemical reactions [51,53]. In
general, the ionic concentration gradient of the intercalated Li in the electrode is the domi-
nant contribution to the enthalpy of mixing in LIBs [49]. Thus, if the transport of Lit ion

in the electrode is fast, Qi (2, T) should remain small.

Most calorimetry studies on LIBs have neglected the heat generation caused by side
reaction Q. (z,T) [47-49]. Indeed, undesirable side reactions are prevented by cycling the
device in an appropriate potential range [54]. Then, the aging process of LIBs occurs at
relatively slow rates [47] and the associated Qg.(x,T) is negligible compare to Q,(z,T),
Qrev(z,T), and Quiz(z,T) early in the LIB’s life [48].

Moreover, the total thermal energy Qr (in J) dissipated over a charging/discharging cycle
as well as the heat released in the form of Joule heating (); and enthalpy of mixing ;.
can be calculated as [48]

Q; = l Qi(z,T)dt withi= T, J, rev, or miz (1.19)
cycle
Note that integrating the reversible heat generation rate Qe (x,T) with respect to time over

a cycle yields zero, i.e., Q.¢,=0.

Finally, the net electrical energy losses AE, (in J) over a charging/discharging cycle is
the difference between the electrical energy delivered during charging and that recovered

during discharging. Graphically, AF, is the area enclosed by the hysteric voltage V (z,T)
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vs. the charge transferred ¢ and can be written as [48,50]
AE, :]{ V(z,T)dq :7{ V(x, T)Idt. (1.20)
cycle cycle
Here, I is the current such that I=dq/dt. Based on the first law of thermodynamics, the
total thermal energy (Qr dissipated during a cycle is equal to the net electrical energy loss
AFE,, ie.,
AE, = Qj + Qmiz = Q- (1.21)

This relationship has been validated experimentally with LIBs with electrodes made of

TleQO'y [50], PNb9025 [55], and T12Nb209 [56]

1.4.2 Energy balance

The total thermal energy @ (in J) released during a cycle as well as the irreversible heat
dissipated in the form of Joule heating ); and enthalpy of mixing (),,;. can be expressed
as [48]

Q; = Qi(z,T)dt withi= T, J, rev or mizx (1.22)

cycle

By definition, integrating the reversible heat generation rate Qmj(x, T') with respect to time

over an entire cycle should vanish, i.e., @,,=0.

On the other hand, the net electrical energy losses AE, (in J) corresponds to the difference
between the electrical energy provided during charging and that recovered during discharging
and is illustrated by the hysteric voltage V(x,T) profile [48,50]. Thus, AE, is expressed
as [48]

AE, = j{ V(z,T)dg = jl{ V(x, T)Idt (1.23)
cycle

cycle

where ¢ is the charge transferred upon electrochemical reaction so that /=dg/dt. Thermo-
dynamically, the total thermal energy () dissipated during a full cycle should be equal to
AE67 i.e., AE@ZQJ + lex - QT [50].
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1.5 Motivation of the present study

As previously mentioned, LIBs are the most widely used secondary batteries. While sig-
nificant progress has been made in characterization of LIBs, the importance of entropic
potential OU,e,(x,T) /0T has been underestimated. As previously discussed, understanding
how OU,e(x,T)/OT varies with respect to x upon cycling can inform how the entropy of
the active material in the electrode change with lithiation/delithiation [Eq.(1.11)]. However,
interpretation of QU (x,T)/0T remains ambiguous in many literature [57-63]. In partic-
ular, it remains unclear as to how characteristic features in the OU,.,(z,T)/JT curve as a
function of x are to be correlated with the occurrence of structural changes occurring in
the electrode. There is, therefore, a scientific need to revisit the interpretation of entropic
potential measurements to deepen our understanding of physicochemical phenomena occur-
ring in a battery system. In fact, the entropy of a solid arises from a variety of electronic
and atomic excitations. There are three important sources of the entropy in an intercalation
compound [64,65]. One emerges from configurational degrees of freedom associated with all
possible ways of arranging Li ions and vacancies over the interstitial sites of the intercalation
compound [66]. A second contribution arises from vibrational excitations involving both the
host ions and the Li ions [67]. A third is due to electronic excitations, assuming a variety
of forms of density of states. Thus, analyzing these different contributions can shed light on

the behavior of the entropic potential OU,e,(z,T)/OT of the battery.

Furthermore, heat generation in LIBs during cycling can be used to identify thermal sig-
natures associated with various phenomena. In fact, previous operando isothermal calorime-
try studies on supercapacitors have revealed thermal signatures associated with a variety
of physicochemical phenomena including ion adsorption/desorption [68-71], electrolyte de-
composition at high voltages and/or high temperatures [69, 72], ion intercalation [69], over-
screening effect [72,73], Thus, performing operando isothermal calorimetry measurements on
LIBs can also reveal many thermal signatures associated with different physicochemical phe-
nomena that cannot be detected with conventional electrochemical characterization method.

Moreover, excessive heat generation can result in temperature rise in LIBs. Such tempera-
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ture rise can accelerate ageing and degrade the battery capacity as it enhances irreversible
intercalation in the electrode [74]. Temperature rise can also cause thermal expansion of
the battery components leading to short-circuit due to the resulting electric contact between
electrodes [75]. Therefore, entropic and calorimetric characterization in the battery material
is needed to not only gain more insight about the physicochemical phenomena occurring in

the battery but also design thermal management system for batteries.

1.6 Objectives of the present study

The present study aims to design, assemble, validate, and operate a potentiometric entropy
measurement setup to measure the open circuit voltage U,., and the entropic potential
OUpey(x,T)/OT of LIBs. In addition, this study plans to develop an interpretative guide
of Upep and OU,ep(z, T') /OT measurements for different charging/discharging mechanisms by
reviewing and clarifying the associated fundamental thermodynamic relationships and prop-
erties of LIB systems. To do so, different contributions to Gibbs free energy and entropy, such
as configurational, vibrational, and electronic contributions, were accounted for in a physical
model developed to deepen our understanding. Furthermore, U,., and QU (x,T)/0T of

different LIB systems were investigated to experimentally validate the interpretative guide.

The present study pursues to identify the entropic and calorimetric signatures of the dif-
ferent physicochemical phenomena taking place during charging/discharging at the working
electrode consisting of the selected Wadsley-Roth shear phase materials and at the lithium
metal counter electrode. Potentiometric entropy and calorimetry measurements were com-
bined with XRD measurements to understand the structural changes in the selected Wadsley-
Roth shear phase materials upon lithiation/delithiation. Furthermore, the instantaneous
heat generation rate measurements at each electrodes during cycling was used to deepen our
understanding into electrochemical phenomena resulting in heat dissipation. Moreover, this
study aims to investigate the effect of particle size of selected Wadsley-Roth shear phase

battery materials on the heat generation in LIB systems.
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1.7 Organization of the document

Chapter 2 reviews and clarifies the fundamental thermodynamic relationships and properties
of lithium-ion battery systems having intercalation compounds and presents an interpretative
guide to open circuit voltage and entropic potential measurements. Chapter 3 presents
the potentiometric entropy measurements as well as operando calorimetry measurements to
gain insight about the origins of rapid rate performance of the Wadsley-Roth shear phase
compound TiNbyO;. Chapter 4 and Chapter 5 extend the investigation of Chapter 3 to
other Wadsley-Roth shear phase materials namely PNbgOss and (W 2V.8)307, respectively.
Finally, Chapter 6 summarizes the finding of this PhD thesis and provides recommendations

for future research.
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CHAPTER 2

Thermodynamic analysis and interpretative guide to
entropic potential measurements of lithium-ion battery

electrodes

This chapter aims to review and clarify fundamental thermodynamic relationships in order
to develop an interpretative guide to Uye, (2, T) and QU (z, T)/OT operando measurements
so as to gain insights into the different physicochemical phenomena occurring in LIBs un-
der different charging/discharging scenarios. Phenomena of interest include intercalation in
homogeneous solid solutions, cation ordering, first-order phase transitions accompanied by
two-phase coexistence, and first-order transitions with an intermediate phase. The ther-
modynamic relationships are rigorously derived and systematically illustrated with exper-
imental data for various LIB materials. The analysis starts with a rigorous treatment of
ideal intercalation compounds, which capture the first-order contributions to Uy, (z,T") and
OUpep(z,T)/OT due to configurational, vibrational and electronic excitations. Deviations
from ideality are then discussed in the context of experimentally measured Uy, (z,T") and

OUpep(,T)/OT curves of important intercalation compounds.

2.1 Analysis

2.1.1 Intercalation in homogeneous solid solution

Layered materials such as TiSs [76] and LiCoO, [77,78] have been widely investigated as Li-
ion battery electrode materials. They form homogeneous solid solutions and maintain their

crystal structure over large intervals of Li concentration. These layered materials consist of
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a stacking of two-dimensional transition metal sulfide or oxide sheets that are held together
by van der Waals forces in the absence of Li [79,80]. Li* ions can intercalate into the vacant
sites between the two-dimensional sheets of the host. The Gibbs free energy gr; ma(x,T) of
an intercalation compound Li,MA that forms a homogeneous solid solution upon lithiation
is a convex function with respect to the lithium composition = as schematically illustrated
in Figure 2.1(a). In addition, Figure 2.1(b) illustrates that the lithium chemical potential
,uEIMA(x,T ) of Li,MA monotonically decreases with increasing lithium composition z for
a homogeneous solid solution. Figure 2.1(c) schematically plots the entropy spi ma(z,T) of
Li,MA as a function of the Li composition. For a solid solution, sy va(z,T) is a concave
function with respect to the lithium composition z. Finally, Figure 2.1(d) plots the open
circuit voltage U,e, (z,T') and the entropic potential OU,,(x,T")/OT of the battery for a host
material MA that forms a homogeneous solid solution during Li insertion. Overall, lithium

intercalation in a homogeneous solid solution is characterized by a monotonically decreasing

Uper(2,T) and OU,ep (2, T)/OT with lithium composition z.

The insertion of Li into Li,MA alters a variety of properties of the host material, in-
cluding its lattice parameters, electronic structure, and vibrational frequencies. In general,
Li ions within the host also interact with other Li ions, with the strength and nature of
these interactions determining whether the intercalation compound favors a solid solution, a
series of ordered phases or a state of two-phase coexistence. Before considering real interca-
lation compounds where such interactions are present, important insights can be generated
by studying the electrochemical properties of ideal intercalation compounds, defined as com-
pounds in which interactions among Li ions and between Li and the host can be neglected.
An ideal intercalation compound serves as a useful model to obtain bounds and to identify

first-order trends of various thermodynamic quantities.

The Gibbs free energy of a solid arises from a variety of electronic and atomic excitations.
There are three important sources of the Gibbs free energy in an intercalation compound [64,
65]. One emerges from configurational degrees of freedom associated with all possible ways of
arranging Li ions and vacancies over the interstitial sites of the intercalation compound [66].

A second contribution arises from vibrational excitations involving both the host ions and
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Figure 2.1: (a) Schematic plots of Gibbs free energy gri,ma(z,T'), (b) chemical potential
pri=™MA (2 T), (c) entropy spi,ma (2, T') of Li,MA, and (d) open circuit voltage Uy, (2, T') and
entropic potential OU,.,(z, T)/OT of the battery cell as functions of lithium composition z

at temperature 7" when MA forms a homogeneous solid solution upon lithiation.

the Li ions [67]. A third is due to electronic excitations, assuming a variety of forms, as
described later. While it is generally not possible to disentangle these contributions for real
solids, for ideal intercalation compounds, it is possible to express the total Gibbs free energy

of an ideal intercalation compound as a simple sum of these three contributions, i.e.,
g(x,T) = g (2, T) + ¢"" (2, T) + g*“(2,T) (2.1)

where g* (2, T), g°®(z,T) and g°*‘(z, T) are the configurational, vibrational, and electronic

Gibbs free energies, respectively, of the compound. Based on Eq.(1.10), the entropy can also
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be expressed as the sum of individual contributions according to
s(x, T) = s (2, T) + (2, T) + s9(x,T). (2.2)

The following sections derive expressions for the entropy of an ideal intercalation compound
associated with configurational 5"/ (z,T), vibrational s*®(z,T), and electronic s°°“(x,T)
excitations. These expressions are then used to shed light on the behavior of the entropic

potential OU,e, (2, T) /0T of the battery.

2.1.1.1 Configurational entropy, 3;01:1{/[ Az, T)

The configurational entropy of an intercalation compound, Li,MA, exhibiting a solid solution

is bounded by the ideal solution configurational entropy expressed as [81]

sy (@, T) = —kp [zln (z) + (1 — 2) In (1 — )] (2.3)

The configurational entropies of stoichiometric LiMA and MA are equal to zero (i.e., s, =0

and sf\ﬁf =0) since no disorder exists among Li ions and vacancies when all Li sites are fully
filled (z = 1) or completely empty (z = 0). It is also interesting to note that this contribution
is independent of the material MA. Figure 2.2(a) plots sif:f\; A(z,T) of Li,MA predicted by

Eq.(2.3) as a function of lithium composition z, and featuring a maximum at half filling or

x = 0.5.

The configurational entropy of a real intercalation compound is always smaller than the
tdeal solution entropy since interactions among Li ions lead to some degree of short-range
order and therefore a lowering of the entropy. There are also instances when the Li ions
and vacancies adopt a long-range ordered pattern at a specific stoichiometric composition
characterized by a supercell periodicity [82]. Then, the configurational entropy for an ordered
phase exhibits a minimum in the form of a cusp at the stoichiometric ordering concentration,

as discussed later.

Finally, since the configurational entropy of the metallic Li anode vanishes, the contri-

bution to the entropic potential from configurational excitations for an ideal solid solution
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Figure 2.2: (a) Calculated configurational entropy si‘;:{AA(x, T) of Li,MA [Eq.(2.3)], and (b)
configurational entropic potential QU™ (z,T)/OT of the battery cell [Eq.(2.4)] as functions
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of lithium composition x for an ideal homogeneous solid solution Li, MA.

simplifies to

——1In

orT e Ox e
Figure 2.2(b) shows that the configurational entropic potential QU™ (z, T)/OT decreases

ocv

8U533f<$,T) _ lasioljl{/[A(xaT) o kB < x ) ) (24)

1—2z

monotonically for an ideal homogeneous solid solution Li,MA upon lithiation.
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2.1.1.2 Vibrational entropy, s'*(z,T)

In general, the vibrational entropy is a function of the lithium composition z due to the
change in the number of Li ions and to changes in the nature and strength of bonds between
the host ions as Li intercalates into the crystal. It can be quantified using the harmonic

approximation and depends on the stiffness of interatomic bonds within the compound [67].

The vibrational Helmholtz free energy fi(T) of the host intercalation compound MA
at constant volume v can be expressed as an integral over all phonon-mode frequencies

according to [83]

- [ hw |
va(T) = kBT/O [%BT +1n (1 — "/keT) | DU (w)duw. (2.5)

Here, h is the reduced Planck constant and D"®(w) is the phonon density of states cor-
responding to the number of vibrational normal modes per unit cell of the intercalation
compound with a frequency w. It is determined from the phonon dispersion relationship
and, in general, depends on volume. By definition, the Gibbs free energy g2 (T') is the char-
acteristic potential at constant pressure of compound MA and is related to the Helmholtz

free energy fU4(T) according to

(1) = Kia(T) + Pu(T) (2.6)

where v(7T) is the equilibrium volume per unit cell at the imposed pressure P. Then, the
vibrational entropy st (T') can be extracted from the vibrational Gibbs free energy using
Eq.(1.10).

A change in the lithium composition of the intercalation compound MA can affect its
vibrational free energy in two ways. First, the insertion of Li ions into MA introduces
additional vibrational modes, three for each inserted Li ion. Second, a change in the lithium
composition x affects the stiffness of the bonds of the host intercalation compound. For
example, the redox processes on the transition metals that accompany variations in z often

lead to some degree of rehybridization between the transition metals and the anions [84,85],

which in turn affects the stiflness of their bonds.

24



As with configurational entropy, it is useful to consider the vibrational entropy for an
ideal intercalation compounds. With respect to vibrational excitations, we define an ideal
intercalation compound as one that accommodates Li without changing the vibrational spec-
trum and the phonon density of states D¥®(w) of the host MA. Furthermore, we assume that
the vibrational spectrum of the Li ions can be approximated by the Einstein model with a
characteristic frequency wy; independent of the overall lithium composition and volume of
the host. Under these assumptions, the vibrational Gibbs free energy ¢/i\;, (2, T) of Li,MA
can be expressed as

gina (@ T) = giia (1) + gti (2, T) (2.7)
where ¢g¥i4 (T) is the vibrational free energy of the host without Li [Eq.(2.6)] and ¢{?(x,T)
captures the contributions to the vibrational free energy from Li vibrations in interstitial
sites of the MA host. Assuming a constant characteristic vibrational frequency wy; for Li,

gv®(x,T) can be written as

thi

it (x,T) =3 { +kpTn (1 - e""“Li/’“BT)} x. (2.8)

This expression emerges when imposing the approximations of ideality as previously defined
in the evaluation of the vibrational partition function, as shown in Appendix A Combining

Eqgs.(1.10), (2.7), and (6.11) yields the expression of the vibrational entropy

@Li e*GLi/T
T 1- e‘gLi/T] v

sﬁéZMA(J;,T) = sﬁf&(T) — 3kp {ln (1 — e‘eLi/T) — (2.9)

where Or; = hwr;/kp. This expression shows that the vibrational entropy of an ideal interca-
lation compound is a linear function of the lithium composition x, as plotted in Figure 2.3(a).
vib

Figure 2.3(a) also shows that both the magnitude and the slope of s}’ \;5(2,7) decreases

with increasing wr;.

The contribution from vibrational excitations to the entropic potential for an ideal in-

tercalation compound can be written, using Eq.(1.11), as

aU;}cZg (.ZU, T) 1 —e../T @Li 67®L1/T 0,vib
—aT = —g |:3]€B (ln (1 —e Li/ ) - Tm + St1i (T) (210)
o,vib vib

where s7""(T") is the vibrational entropy of metallic Li. Here, s{j} (1) disappeared upon

differentiation with respect to the lithium composition x. Experimentally, the average vi-
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Figure 2.3: (a) Vibrational entropy s}%\;,(z,T) of Li,MA [Eq.(2.9)], and (b) vibrational
entropic potential OUY®(x, T')/OT of the battery cell [Eq.(2.10)] as functions of lithium com-

ocv

position z for an ideal solid solution Li,MA.

brational frequency wr; of metallic Li was measured to be on the order of 10'2 Hz from
slow-neutron scattering [86]. An effective vibrational frequency for metallic Li can also be
estimated when assuming that the entropy of metallic Li is dominated by the vibrational
entropy. This leads to an effective frequency wr; of 5.8x10' Hz [41]. Figure 2.3(a) shows

that the vibrational entropy s\, (x,T) of Li,MA linearly increases with lithium composi-
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tion z. Thus, the entropic potential QU (x, T')/OT of the battery cell is independent of x

ocv
[Figure 2.3(b)]. In real intercalation compounds, the insertion of Li into the host introduces
a composition dependence to the host vibrational entropy sii4 (z,T) that does not cancel
upon differentiation with respect to x. Furthermore, even when applying a simple Einsten
model for the vibrational excitations of the intercalated Li ions, it is unlikely that the Li
vibrational frequency wy; remains independent of x. Hence, in real intercalation compounds,
the contribution from vibrational excitations to QU (x,T)/OT features a composition de-
pendence. In binary systems, the variation of the vibrational entropy with composition x
is generally assumed to be linear [64,87,88]. However, to the best of our knowledge, de-

tailed studies to quantify the extent with which s (T') differs from zero in intercalation

compounds have not yet been performed. Overall, the vibrational entropy s}%\;, (2, T) of an
tdeal homogeneous solid solution was shown to increase linearly with lithium composition =,

leading to a vibrational entropic potential QU (x, T')/OT that is independent of .

ocv

2.1.1.3 Electronic entropy, s(x,T)

The entropy contribution s9¢(z, T') due to electronic excitations can have a variety of forms.
The entropy of itinerant electrons is generally small and negligible [81]. However, the en-
tropy of intercalation compounds that exhibit distinct redox states that are localized on
the transition metals can be sizable and is a type of configurational entropy that emerges
from the many different ways of arranging distinct oxidation states over the transition metal
cations [89]. If transition metals are magnetic, an additional configurational entropy may
exist in association with the many possible ways of ordering local magnetic moments over
the transition metal sites [90-92]. These configurational degrees of freedom associated with

localized electronic states can exhibit a lithium composition dependence.

For itinerant electrons, the electronic entropy can be expressed as [83]
s (2, T) = —kp / [F(e)In[F(e)] + [1 — F(&)]In[1 — F(e)]] D“*“(e)de (2.11)

where F(€) is the Fermi-Dirac distribution and D%¢(¢) is the electronic density of states per

unit cell. The electronic entropy depends on the shape of the electronic density of states
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Figure 2.4: (a) Box-shaped and (b) square-root-shaped density of state Dfi?;, (€) of Li, MA
as functions of electric energy e. Electronic entropy s{<§4 (2, T) of Li,MA corresponding to
(¢c) a box-shaped D4 (€) and (d) a square-root-shaped Dfy§;4 (), and electronic entropic
potential QUL (x, T)/OT of a battery cell for (e) a box-shaped D5, (€) and (f) a square-

ocv

root-shaped Dfi5 4 (€) as functions of lithium composition .
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D¢ (€) and the position of the Fermi level €. The Li ions that intercalate into the compound
generally donate their electrons to the host, thereby affecting the position of the Fermi level.
The presence of Li and the donation of electrons to the host also modifies the band structure
and therefore affect the electronic density of states. Thus, Li ion intercalation introduces a

composition dependence to the electronic entropy of the intercalation compound.

Based on Eq.(1.11), the electronic entropic potential UE(x, T)/OT can be expressed

ocv

as

oUsec(x,T) 1 [0s§a(x, T) l
ocv \*Ys - Lz ! — goetee(r 2.12
oT e oT SLi ( ) ( )
o,elec

where s777°°(T') is the electronic entropy of the metallic Li anode. When the density of

states of body centered cubic Li is calculated from density functional theory, sV““(T)
evaluates to 0.16 J/mol-K (see Appendix A). In order to further investigate the shape of
Os¢ies a2, T) /0T, it is again convenient to introduce the concept of ideality with respect to
electronic excitations. We define an ideal intercalation compound as one whose electronic
density of states are unaffected by the intercalation of Li. The only effect of Li insertion is
to raise the Fermi level e;. This is equivalent to assuming a rigid band model [93]. While
this assumption of ideality simplifies the analysis considerably, some degrees of freedom still
remain with respect to the shape of the electronic density of states.

The electronic density of states Dt (€) could be constant as a function of the electronic

energy €. In this scenario, the electronic entropy s{44(z,T) of Li,MA and the electronic
entropic potential QU (x, T') /0T would be independent of the lithium composition x (See
Appendix A). Other simple shapes for D%(¢) are also possible such as a box shape and
a square-root dependence on €, as schematically illustrated in Figures 2.4(a) and 2.4(b),
respectively. The composition dependence of the electronic entropy s¥iq,(z,T) for these
density of states curves are shown in Figures 2.4(c) and 2.4(d). Note that for a box-shaped
density of states, the area under the differently proportioned boxes are all equal to one elec-
tron per unit cell of host material. Figure 2.4(c) shows that the magnitude of the electronic
entropy for the differently proportioned box-shaped D%¢(¢) increases when the width of the

boxes become narrower. Likewise, the magnitude of the electronic entropy for D¢ (¢) with

a square-root dependence on € having different constant prefactors increases with increas-
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ing magnitude of D¥(¢) [Figure 2.4(d)]. These results show that the electronic entropy is
sensitive to the shape of the electronic density of states. Figures 2.4(e) and 2.4(f) show the

electronic entropic potential OUS(x, T')/OT corresponding to box-shaped and square-root-

shaped density of states, respectively. In both cases, the magnitude of OUS(x, T) /0T is

ocv

negligible compared to that of the vibrational and configurational entropic potentials mod-

eled in the previous sections.

2.1.1.4 Summary

For an ideal intercalation compound, the entropy can be expressed as the sum of individual

contributions derived in previous subsections [Eq.(13)]. Figure 2.5(a) shows the calculated

entropy associated with configurational siol’;f\} (@, T), vibrational s}%\ \ (z,T), and electronic

s¢ieqa(z, T) excitations predicted respectively by Egs.(2.3), (2.9), and (5.7), as well as the
partial entropy of the Li,MA electrode, i.e., spima(z,T) = SCL?:{/[A(LT) + st yalz, T) +
s¢sia(z, T). Here, the vibrational frequency wr; was taken as 10" Hz. The Einstein

model and the square-root—shaped electronic density of state D°(¢) were used in esti-

mated sty x (@, T), and sS4 (x, T), respectively. Figure 2.5(a) illustrates that sf*S;, (x, T)

was relatively small compared to si’f:{/[ Az, T) and s\ (x,T). Furthermore, the trend of
sLi,ma (2, T) was mostly governed by s*®(z,T) so that it increased with increasing lithium

composition x.

Moreover, Figure 2.5(b) shows the calculated entropic potential associated with configu-

rational OU™ (z,T) /0T, vibrational QUY®(x, T') /0T, and electronic QU (z, T) /0T excita-

ocv ocv ocv

tions predicted respectively by Eqgs.(2.4), (2.10), and (2.12) as well as the battery entropic po-
tential AUy, (z, T)/OT. Here, OUY®(x,T)/OT was independent of lithium composition x and

ocv

was negative due to the Li metal counter electrode. Likewise, QUS“(x,T)/OT was approxi-

mately constant and its magnitude was negligible compared to that of QU™ (x,T) /0T and

ocv

OU®(x,T)/OT. The trend of the OU,e,(x,T)/OT curve was dominated by oU™ (z, T)/OT.

Overall, an ideal intercalation compound forming a homogeneous solid solution is character-

ized by monotonically decreasing OU,e,(x,T)/OT with increasing lithium composition z.
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Figure 2.5: (a) Calculated entropy associated with configurational SCL?:{/[A(x,T), vibra-

tional s?*\ 4 (x,T), and electronic s{*S;,(x,T) excitations as well as the partial entropy
of the Li,MA electrode, i.e., spima(2,T) = {7 4ia (2, T) + st a2, T) + 5555 (2, ). (b)
Calculated entropic potential associated with configurational U™ (z, T') /0T, vibrational

ocv

OU®(x,T) /0T, and electronic QU (x, T) /0T excitations as well as the entropic potential

ocv ocv

of the battery, i.e., U, (z,T) /0T = OUL™ (2, T) /0T + U™ (x, T)/OT + U (2, T)/OT.

ocv ocv ocv
2.1.2 Jon ordering from a homogeneous solid solution

It is common for the guest cations of an intercalation compound to order at specific stoi-

chiometric compositions. For example, the Li ions and vacancies of layered Li,CoO, adopt
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an ordered arrangement at x=0.5 [77,84] while the Na ions of Na,CoO, form a devil’s stair-
case of orderings over a range of compositions [94]. Guest cation ordering generally leads
to spontaneous symmetry breaking and the emergence of a superlattice with some sublat-
tices preferentially occupied by the guest cation and the others remaining vacant [82]. For
most ordering reactions, the symmetry breaking can be detected with diffraction [77]. In

this section, we explore how an ordering reaction manifests itself in the entropic potential

OUpep(,T)/OT.

While the emergence of an ordered phase arises from interactions among the guest cations,
the entropy of an ordering reaction can also be explored with a simplified model that neglects
such interactions. By introducing sublattices with different guest ion site energies, it is
possible to extend the ideal solution model to one that exhibits features of common ordering
reactions. The intercalated Li will then selectively fill the more favorable sublattice sites first,
before filling the less favorable sites. We consider a model where interactions between Li
ions are neglected, but where half the sites form a sublattice that hosts Li at a lower energy
(sublattice 1) than the other half of available sites (sublattice 2). It is convenient to introduce
sublattice concentrations x; and x5 tracking the fraction of occupied sites on sublattice 1 and
2, respectively [65,82]. The overall Li concentration is related to the sublattice concentrations

according to x = (x1 + x2)/2 when the number of sites on the two sublattices are equal.

The free energy of an ideal intercalation compound with two sublattices can be expressed

as

gLizMA(l'aT) = gMA(T) + €121 -+ €29 + k’BT [$11n (I’l) + (1 — $1) 111 (1 — 271)] (2 13)
+(

+kpT [zoln (z2) + (1 — z2) In (1 — 2)]

where ¢; and €, are sublattice site energies such that ¢; > e;. These energies may be
temperature-dependent if vibrational excitations are accounted for. The ideal solution en-
tropy measure the configurational entropy of non-interacting Li ions on each sublattice. The
free energy model has one independent variable at fixed Li concentration x. Since Li can
freely distribute between the two sublattices, one of the sublattice concentrations, e.g., x1,

is an independent variable while x5 is a dependent variable such that x, = 2x — z;. Under

thermodynamic equilibrium, z; adopts the value that minimizes the free energy [Eq.(2.13)].

32



S 103
. — 25
< (@) 2
« [
o Lozt < .
~ < 2.0+ Increasing 6
< 3
=, )
S 1014+ -
= >
< Increasing 0 S 15+
g 1.00- e
c = —0=1
(3] =}
D © 104+—60=20
O 0.99- =
8 g —— =100
2 o098 : O os '
o 0.0 05 1.0 ~0.0 05 10
Lithium composition, x Lithium composition, x
8 ; g 04 ;
= _1(9) —0=1 S (d) — =1
X 71 —0=20 1 E 03 —6=20 ]
£ o 0=%0 | = g2l 0=50 ]
3 — 0=100 = —— 9=100
=l
- 5 =) 0.1
Xa -
% 41 1 = o0+
s =
& 34 1 § o1t
- o .
=
2 Ll ] & ool Increasing 0
o 2
s . =3
c 14/ Increasing 0 4 S 03+t
- g
0 : R 04 ;
0.0 o 05 1.0 0.0 o 05 . 1.0
Lithium composition, x Lithium composition, x

Figure 2.6: (a) The Gibbs free energy grima(x,T) of Li,MA, (b) the open circuit voltage
Uper(x, T') of the battery cell, (c) the entropy spi,ma(z,7T) of Li,MA, and (d) the entropic
potential OU,e,(z,T)/0T of the battery cell as functions of lithium composition = at tem-

perature T with varying 0 = € /es.

It is the equilibrium value of z; that must be inserted into Eq.(2.13) to obtain the equilibrium
free energy and all its derived properties, including the Li chemical potential and the entropy
(See Appendix A). The thermodynamic properties of this model is sensitive to the relative
values of €; and €. The parameter § = €;/e5 can be used to model different scenarios. Figure
2.6(a) shows the lowest Gibbs free energy gri,ma(x,T) as only a function of x for different
values of 6 = €1 /e5. When =1, we recover the ideal solution model without any sublattice

site preference. Then, the minimum free energy as a function of x occurs for z;=rs=x such
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that the equilibrium free energy of Eq.(2.13) reduces to that of an ideal solution. A value
of 0 = ¢ /es > 1 leads to a Li preference for sublattice 2 when ¢; and €, are both positive.
Increasing 6 leads to an increased degree of segregation to the more favorable sublattice and
to a step in the open circuit voltage Uy, (z, T') at x=0.5, as illustrated in Figure 2.6(b). The
step occurs when the more favorable site becomes fully saturated and additional Li ions are
required to fill energetically less favorable sites. The resulting ordering around x=0.5 leads
to a dip in the entropy spi,ma(z,7T), as evident in Figure 2.6(c). Figure 2.6(d) shows that
the battery entropic potential OU,.,(z,T) /0T exhibits an inflection point at = = 0.5 in the

models that undergo a strong ordering reaction.

Although we have considered an idealized model to elucidate the effect of ion ordering
on the entropy and the entropic potential, similar features are evident in real intercalation
compounds that undergo order/disorder reactions. Both Li,TiS, and Li,CoO, are examples
of intercalation compounds that exhibit ordered phases. Layered Li,TiS; forms a solid
solution for most values of x but undergoes a staging reaction around z =~ 0.2, whereby Li
segregates to every other Li layer [76,95]. Figure 2.7(a) shows experimental measurements
of Upep(x,T) and OU,e,(z,T)/OT for a battery system with a TiSy working electrode and a
lithium metal counter electrode during lithiation. The electrolyte consisted of a mixture of 1
M of LiPF¢ with ethylene carbonate (EC) and dimethyl carbonate (DMC). The open circuit
voltage Uye, (x, T) exhibited the characteristic shape of a solid solution above x = 0.4. While
a pronounced step at x & 0.2 was not directly evident in U, (x,T), the entropic potential
OUpep(2,T) /0T featured a fluctuation in the form of a tilde due to the occurrence of stage

ordering analogous to that of Figure 2.6(d) for the ideal model.

Li, CoOs is another intercalation compound that exhibits an ordered phase [77,84]. Here,
the Li ions of Li,CoO, can occupy octahedrally coordinated interstitial sites that form two-
dimensional triangular lattices. At z = 0.5 the Li ions adopt an ordered arrangement in
which they line up into rows separated by rows of vacancies within each layer [77]. Figure
2.7(b) shows U,y (z,T) and U, (x,T) /0T measured for a battery system consisting of a
LiCoO, working electrode and a lithium metal counter electrode with 1M of LiPFy in an

EC/DMC mixture as electrolyte during delithiation [81]. Here also, OU,e,(x, T') /OT featured
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Figure 2.7: Measured open circuit voltage Uy, (z, T) and entropic potential OU,,(z,T) /0T
as functions of lithium composition = in (a) Li,TiSe during lithiation, and (b) Li,CoOqy

during delithiation.

a tilde-shaped fluctuation similar to that observed in the TiS; electrode [Figure 2.7(a)] due to
the intralayer ion ordering in the range of 0.45 < x < 0.55 [81,96]. In addition to an ordering

reaction, Li,CoO, also underwent a first-order phase transformation from a metallic solid
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solution at =0.75 to a semiconducting solid solution at x=0.93, as confirmed with in situ
XRD measurements [77]. This was also evident in both the QU (x,T)/0T and U,e,(x,T')
curves, which were almost constant for 0.75 < x < 0.93. The next section analyzes the

behavior of OU,e, (2, T)/IT during a first-order phase transformation.

2.1.3 Phase transition accompanied by a two-phase coexistence region

An intercalation compound MA may undergo a first-order phase transition, as observed at the
high lithium compositions in Li,CoO,, from a lithium-poor a-phase to a lithium-rich S-phase
upon the insertion of Li. During such phase transition, both the a- and [-phases coexist.
Figure 2.8(a) schematically shows the Gibbs free energies gri,ma(7") and gri;ma (7)) of these
two phases. The common tangent construction determines the equilibrium concentrations of
the two coexisting phases. The free energy of the two-phase mixture resides on the common
tangent between the lithium poor phase Li,MA with composition « and the lithium rich
phase LigMA with composition 5. Thus, the Gibbs free energy gri,ma(e <2 < 8,T) in the

two-phase coexistence region can be written as,

grisma (1) — grioma (1)
b — «
The Li chemical potential uﬁxMA(a <z < B,T) of the host material Li, MA in the two-phase

griovala <o < B,T) = grioma(T) + (r — ). (2.14)

coexistence region is then given by

~ Oguomala <2 < B, T)  grigma(T) — griama(T)
B ox B f—a« '

(2.15)

Li;MA

Thus, p" (o < x < ,T) remains constant in the two-phase coexistence region, as

illustrated in Figure 2.8(b).

Figure 2.8(c) shows the entropy spi,ma(x, T') of the host material as a function of lithium
composition x. The coexisting a- and (- phases are treated as solid solutions such that their
entropies exhibit the characteristic dome-shaped curves of a solid solution. Here, the entropy
of the a-phase was arbitrarily chosen to be smaller than that of the S-phase. Here also, the

entropy of the two-phase mixture resides on the chord connecting sy;,ma and sizma-

The open circuit voltage U, (o < x < ,T) in the two-phase coexistence region can be
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Figure 2.8: (a) Schematic plots of Gibbs free energy gri,ma(z,T’), (b) chemical potential
pt=™MA (2, T), (c) entropy spima(z, T) of Li, MA, and (d) Open circuit voltage Uy (2, T)
and entropic potential OU,,(x, T")/OT of the battery cell as functions of lithium composition
x at temperature T during a first order phase transition accompanied by a lithium poor

phase Li,MA coexisting with a lithium rich phase LigMA.

expressed as

1 {gLiEMA(T) —guava(™)
e

Usew(a <z < B,T) = —= 3—a - gLi(T):| - (2.16)

Thus, the corresponding entropic potential in the two-phase coexistence region is given by

ancv 1 i T) - ia T
asespn - [ g e

Overall, these results indicate that both U, (z,T) and OU,e,(z,T)/0T are constant and

independent of = in the two-phase coexistence region, as illustrated in Figure 2.8(d).
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To illustrate the predicted behavior of Uye, (2, T') and OU,e,(z,T) /0T given by Egs.(2.16)
and (2.17) in a two-phase coexistence region, Figure 2.9(a) shows experimental measurements
for a battery system consisting of a Lis/3Ti5/304 working electrode and a lithium metal

counter electrode with 1.2 M of LiPFg in an EC/DMC electrolyte as a function of the lithium
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composition z during lithiation [1]. EELS and in situ XRD measurements indicated a first
order phase transition from spinel Liy/3Ti5/304 to rock salt Liz/3Tis/304 during lithiation
[1,97,98]. In fact, Figure 2.9(a) shows that both U,e,(x, T') and U, (z,T') /0T were constant
for a« = 4/3 <o < 7/3 = (3 indicating the coexistence of the two phases Lis/3Ti5/304 and
Liz/3Ti5/30.4.

Similarly, Figure 2.9(b) shows Uy, (z, T') and U, (z,T)/0T for a battery system con-
sisting of a FePO, working electrode and a lithium metal counter electrode in 1 M LiPFg in
an EC/DMC electrolyte during lithiation [2]. Here also, electron energy-loss spectroscopy
and in situ XRD measurements indicated a first order phase transition from FePO4 to
olivine LiFePO, during lithiation [99-101]. Figure 2.8(b) shows that both U, (x,T") and
OUpep(x,T)/OT were constant for 0 < x < 1. This observation was consistent with Eqs.(2.16)
and (2.17) for the coexistence of FePO, and LiFePO, phases. In summary, a first-order phase
transition accompanied by two-phase coexistence is characterized by constant Uy, (z,T') and

OUgey(x,T) /0T, as illustrated experimentally for Lis/3Ti5/304 and LiFePOy.

2.1.4 Two-phase coexistence with a stable intermediate phase

Some intercalation compounds, such as graphite, pass through a stable intermediate phase
by means of first-order phase transitions upon Li insertion. Figure 2.10(a) shows schematic
Gibbs free energy curves for an intercalation compound MA that has a stable intermediate
~v-phase with a composition between that of the dilute a-phase and the lithiated [-phase.
The stability of the intermediate y-phase leads to two two-phase regions as shown in Figure
2.10(a) by the common tangents between - and - and between 7- and (- phases. The two
common tangents result in two plateaus separated by a step in the Li chemical potential

curve as schematically shown in Figure 2.10(b).

Figure 2.10(c) schematically shows the entropy as a function of Li concentration for
the different phases that can form upon Li insertion into MA. Two distinct scenarios are
possible based on the value of the entropy of the intermediate y-phase relative to that

of the a- and [-phases. In Case I, sy ma lies above the chord connecting spi,ma and
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Figure 2.10: (a) Schematic plots of Gibbs free energy gri,ma(z,7), (b) chemical potential
pri=™MA (2, T), (c) entropy spima (2, T) of the Li, MA, and (d) Open circuit voltage Uy, (2, T')
and entropic potential OU,,(x, T")/OT of the battery cell as functions of lithium composition
x at temperature 71" for two coexisting phases Li,MA and LigMA with a stable intermediate

phase Li,MA.

SLigMA, a8 illustrated in Figure 2.10(c). This scenario can be expected when the intermediate
phase is a solid solution, which generally exhibits its highest configurational entropy at
intermediate concentrations. In Case II, the entropy spi nma of the intermediate y-phase falls
below the chord connecting sp; ava and s 5MA - This is more likely to occur if the intermediate
phase corresponds to an ordered phase exhibiting a minimum at the stoichiometric ordering
concentration. Figure 2.10(d) shows the associated open circuit voltage Uy, (x,T) and the

entropic potential OU,.,(x,T)/0T as functions of the lithium composition z. In both cases,
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Uper(2,T) and OU,e,(z, T)/OT feature two plateaus for « <z < yand v <z < f and a

step around = = =, as observed previously for ppa(x) [Figure 2.10(b)].

However, in Case

I, OUpep(2,T) /0T is larger in the coexistence region of Li,MA and LiyMA (o < z < 7)

than in the coexistence region of LigMA and LiyMA (v < 2 < ). By contrast, in Case II,

OUpep(,T)/OT is smaller for a < x < than for v <z < f.

Entropic potential, 0U . /0T (mMV/K)

05 —v T T T T T 030 S

L1,Ce e AU (xTYOT| <

04 e =

—a— U, (X.T) -025

~

0.3- -
| ] ~ .

\, -

024 o @—» >

\ L 0.15 ‘_3

i o

0.1 . \_________ =~

° o s

00 | I~._._._._.\. 010 8

o—0-—90-90-90 o =

0.1 ° -0.05 ©

0. . o

| .\.I\I.i.i. 11 - 3

0.2 S : P 0.00 O

0.0 0.2 0.4 0.6 0.8 1.0

Lithium composition, X

Figure 2.11: Open circuit voltage Uy, (2, T'), and entropic potential Uy, (x,T) /0T as func-

tions of lithium composition z in Li,Cg during lithiation.

Figure 2.11 shows Uy, (2, T') and OU,e, (z,T) /0T measured for a battery system consisting

of a graphite working electrode and a lithium metal counter electrode in 1 M of LiPFg in an

EC/DMC during lithiation. Three regions can be identified from the measured U,e,(x,T)

and OU,e,(x, T)/0T: (I) a homogeneous solid solution in the range of 0 < z < 0.25 with

monotonically decreasing Upep(z, 1) and OU,e(x,T)/0T, (II) a two-phase coexistence of

LiCyy and LiCjs in the composition range 0.25 < x < 0.5 with constant Uy, (z,T) and

OUpep(,T) /0T, and (I1I) a two-phase coexistence of LiC;5 and LiCg in the range of 0.5 < z

41



< 0.8 with constant Uy, (2, T') and OU,e, (2, T)/OT. These three regions were also identified
with in situ XRD measurements [102,103]. The entropic potential measurements for graphite
are consistent with Case II described above. The result indicates that the intermediate LiCyy

phase has an entropy that falls below the chord that connects the entropies of LiCyy and
LiCg.

2.2 Conclusion

This study reviewed and clarified the fundamental thermodynamic relationships and prop-
erties of lithium-ion battery systems having intercalation compounds as their electrochem-
ically active cathode material. Expressions for the open circuit voltage U, (x,T) and en-
tropic potential OU,,(x,T)/0T of LIB cells were rigorously derived for ideal intercalation
compounds. They were used to develop an interpretative guide to potentiometric entropy
measurements of Uy, (x,T) and U, (x,T)/0T as functions of lithium composition x for
different charging/discharging mechanisms. For an ideal homogeneous solid solution, con-
tributions from configurational, vibrational, and electronic excitations to the entropy of an
ideal intercalation compound were numerically calculated to estimate the first-order behavior
of OU,ep(z,T) /0T of a battery consisting of an intercalation compound as its cathode. The
analysis suggests that general trends of OU,.,(z,T)/JT of a homogeneous solid solution are
dominated by configurational entropy, which leads to a monotonically decreasing Uy, (z, T)
and OU,e,(x,T) /0T with increasing lithium composition z. An ion ordering reaction over a
subset of energetically favorable interstitial sites is characterized by a tilde-shaped fluctua-
tion in OU,e, (2, T)/OT versus x. Furthermore, a first order phase transition accompanied by
two-phase coexistence manifests itself as a constant Uye, (2, T") and OU,e(z,T)/OT. Finally,
a two-phase coexistence with a stable intermediate phase leads to a monotonically decreasing
Upew(x, T') curve upon lithiation that is characterized by two plateaus separated by a step.
The OU,e,(x,T) /0T curve for this scenario also exhibits two plateaus. However, depending
on the entropy of the intermediate phase, the second plateau can either be higher or lower

than the first plateau. These interpretations were systematically illustrated using experi-
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mental data for various cathode materials. The present interpretative guide can enhance
other structural analysis techniques and can prove valuable in the characterization of new

battery materials.
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CHAPTER 3

Operando Calorimetry Informs the Origin of Rapid
Rate Performance in Microwave-Prepared TiNb,O;

Electrodes

This chapter presents a fast, simple, and cost-effective synthesis method of TiNby,O7 for
LIB anode electrodes developed in Prof. Seshadri’s group at University of California Santa
Barbara (UCSB). The materials synthesized and the associated electrodes were character-
ized by high-resolution synchrotron X-ray diffraction (XRD), conventional electrochemical
methods, and potentiometric entropy measurement technique. Finally, potentiometric en-
tropy and operando calorimetric measurements were used to deepen our understanding of
the lithiation/delithiation process in TiNbyO; electrodes and to investigate the associated

heat generation upon cycling at high C-rates.

3.1 DMaterials and methods

3.1.1 Microwave synthesis of TiNb,;O-

In this study, TiNb,O7 particles were synthesized using a fast and simple method consisting
of a single heating step in a microwave oven under ambient atmosphere. First, the precursor
powders TiOs (Aldrich Chemical Company, 99%) and NbyO5 (Materion, 99.95%) were thor-
oughly ground together in stoichiometric quantities (1:1) using an agate mortar and pestle.
The ground powder was then pressed into 250 mg to 300 mg pellets using a hand-operated
arbor press. The pellets were placed on a small sacrificial powder layer of the same ma-

terial inside of a 10 mL alumina crucible. This crucible was then nestled into a larger 20
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mL alumina crucible filled with approximately 7 g of activated charcoal covered in alumina
fiberboard insulation, and placed off-center in a 1250 W microwave oven (Panasonic). This
stack was heated at 90% of the total microwave power (i.e., 1125 W) for 7 to 8 minutes
reaching temperatures around 1200 °C, as observed with a laser thermometer, immediately
upon reaction completion. The insulation was removed and the pellets were allowed to cool
to room temperature. The produced crystalline TiNbyO7 particles required no additional
processing prior to fabricating the electrode. Additional background on general microwave

sample preparation can be found in Ref. [104].

3.1.2 Structural characterization

High resolution synchrotron X-ray diffraction measurements of the synthesized TiNbyO7
powder were collected at room temperature at the Advanced Photon Source at Argonne
National Laboratories on beamline 11-BM-B using an average wavelength of 0.457856 A.
The TiNbyO7 powder sample was loaded into a Kapton capillary and both ends were sealed
with clay. Rietveld refinement was performed with TOPAS [105] while VESTA [106] was

used for crystal structure visualization.

3.1.3 Electrochemical testing

The electrodes were cast on copper foil using an 80:10:10 (wt%) ratio of active mate-
rial (TiNbyO7), conductive carbon (TIMCAL SuperP), and polyvinylidene fluoride (Sigma
Aldrich). The active material was ball-milled for 30 minutes in a 2 cm? canister with SuperP.
This mixture was added to PVDF dissolved in 1-methyl-2-pyrrolidinone (Sigma Aldrich) to
form a slurry and was mixed in a FlackTek speed mixer at 2000 rpm for 30 minutes. The
slurry was cast onto a copper foil using a doctor blade set for 150 ym. Then, the film was
dried overnight at 110 °C in a vacuum oven. The fabricated electrode was then punched into
10 mm diameter discs resulting in an active material loading of 5.6 mg/cm? and assembled
into a coin cell configuration (MTI parts, 2032 SS casings) with 1 M of LiPFg in EC:DMC
1:1 v/v (Sigma Aldrich) as electrolyte and polished lithium metal (Sigma Aldrich) as the
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counter electrode with a 50 pm thick polypropylene/polyethylene separator (Celgard C380).
Cyclic voltammetry (CV), galvanostatic cycling (GC), and galvanostatic intermittent titra-
tion technique (GITT) were performed on the coin cell in the voltage range of 1.0—3.0 V
using a high accuracy potentiostat (Biologic, VSP-300). During GITT, each current pulse
was applied for 1 minute followed by a relaxation period of 30 minutes to measure the open
circuit voltage U,ey (2, T) as a function of composition z in Li, TiNboO7 at constant temper-
ature T = 20 °C. All potentials in this study are reported relative to Li* /Li, and C-rates
are defined with respect to the reduction of one electron per transition metal, e.g., 1C = 233

mAh/g.

3.1.4 Potentiometric entropy measurement

The entropic potential OU,, (x, T') /OT of the TiNbyO7 half-cell was measured as a function of
lithium composition x using a potentiometric entropy measurement technique performed on a
coin cell. The lithium metal counter electrode was considered as an infinite Li™ reservoir with
no lattice rearrangement upon lithiation/delithiation [107]. Therefore, the contribution of

the lithium metal electrode to the entropic potential was assumed to be constant throughout

the cycle [60, 108].

Figure 3.1 shows the schematic of the custom-made experimental setup assembled for po-
tentiometric entropy measurements. The experimental setup consisted of a thermoelectric
cold plate (TE technology, CP-121) whose temperature was measured by a type-K thermo-
couple (Omega, GG-KI-245-200) via a data acquisition system (Keysight, Agilent 34972A).
The temperature of the cold plate was controlled by a proportional-integral-derivative (PID)
temperature controller (TE technology, TC-720). The coin cell and current collectors were
wrapped with Kapton tape to prevent electrical contact with the thermoelectric cold plate.
Thermal paste (Omega, OT-201-16) was applied between the thermoelectric cold plate and
the wrapped coin cell to ensure good thermal contact. The type-K thermocouple was secured
on top of the coin cell assembly with the thermal paste and covered by a copper tape for

accurate temperature measurements. The entire setup was thermally insulated with Styro-

46



. DC Power Supply
DC PWM input for 2

PID temperature temperature control 7RI IITITIIIIY,
controller thermal _,/ copper tape o
insulation thermocouple —
. J % thermal paste /4 PAQ
] . % Kapton tape
' <> - 0
- < . > coin cell potentiostat
FEEER S current input and . e
. otential measurement 4
computer potentiostat " Kapton tape
thermal paste
thermoelectric

cold plate

DC thermocouple output
Data Acquisition (DAQ)

Figure 3.1: Schematic of the experimental setup used for the potentiometric entropy mea-

surement.

foam to reduce heat losses to the surrounding and achieve precise control of the coin cell

temperature.

The potentiometric entropy measurements consisted of imposing a series of constant
current pulses at a C-rate of 2C for one minute at 20 °C each followed by a relaxation period
of 90 minutes. During the relaxation, a step-like temperature profile was applied to the coin
cell from 15 °C to 25 °C in 5 °C increments. The resulting voltage profile was recorded with
the potentiostat (Biologic, VSP-300). Before recording the open circuit voltage Upey(z,T')
and imposing the next temperature step, we verified that the cell was in thermodynamic
equilibrium by making sure that (i) the temperature difference between the cold plate and
the top of the coin cell was less than 0.1 °C and (ii) the time rate of change of the open
circuit voltage OU,e, /Ot was less than 1 mV /h.
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3.1.5 Operando isothermal calorimetry

The instantaneous heat generation rate in the TiNbyO; half-cell was measured under gal-
vanostatic cycling using a custom-made isothermal calorimeter previously described [109].
The TiNbyO7 electrode was cut into a 1 x 1 cm? square and assembled into a calorimetric
cell with 1 M LiPFg in EC:DMC 1:1 v/v (Sigma Aldrich) as the electrolyte and polished
lithium metal ribbon (Sigma Aldrich) as the counter electrode with a 50 pm thick Celgard
C380 polypropylene/polyethylene separator. Based on the thermal analysis of a single elec-
trode described in Supplementary Materials of Ref. [109], the heat generation rate Q;(t) (in
mW) at each electrode was equal to the heat transfer rate ¢(t) passing through the 1x1

cm? thermoelectric heat flux sensor (green TEG, gSKIN-XP) such that [109],
AVi(t)
S

where A; denotes the footprint area of the electrode (in cm?) while S; is the temperature-

Qi(t) = ¢'(H)A; = A, withi= 4 or — (3.1)

dependent sensitivity of the heat flux sensor provided by the manufacturer (in pV/(W/m?))
while subscript “i” refers to either the cathode “+” or anode “—”. Here, AV; is the voltage
difference measured in each heat flux sensor in thermal contact with electrode “i”. The total
instantaneous heat generation rate in the entire device was the sum of the heat generation

rate measured at each electrode, i.e., Qp(t) = QL (t) + Q_(t).

3.2 Results and discussion

3.2.1 Structural characterization

Figure 3.2(a) shows a high resolution synchrotron X-ray diffraction (XRD) diagram of
TiNbsO; prepared using the previously described synthesis method. The XRD pattern
was consistent with those prepared by conventional methods [110]. The pristine TiNbyO5
particles formed an electrically insulating white powder [111]. Figure 3.2(b) shows a SEM
image of the synthesized TiNbyO7 particles typically less than 5 pum (see also Appendix B)
and smaller than the average particle size of 20 pm synthesized by solid state method [110].
Figure 3.2(c) illustrates the crystallographic structure of pure TiNbyO7 featuring a Wadsley-
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Figure 3.2: (a) Synchrotron X-ray diffraction pattern and (b) SEM image of the TiNbyO5
particles synthesized by the proposed microwave method, (c¢) crystallographic structure of

pure TiNbyO7.

Roth crystallographic shear structure similar to those of ReO3 and PNbgOss [111]. Over-
all, in stark contrast to the more conventional synthesis methods of transition metal oxide
TiNb,O; [32,110, 112], the proposed method offers a much faster alternative. In fact, in

less than 10 minutes in a standard microwave oven, the same compound was synthesized

49



without necessitating any additional purification or annealing steps. An additional benefit
of the present microwave preparation method was that the shorter heating time resulted in

smaller TiNbyO7 particles.

3.2.2 Electrochemical properties

Figure 3.3(a) shows the cyclic voltammogram of a TiNboO7 based electrode at different scan
rates between 1.0 V and 3.0 V (vs. Li/Li"). A sharp cathodic peak at 1.58 V and an anodic
peak at 1.7 V were observed at scan rate of 0.1 mV/s. These two major peaks corresponded
to the conversion of Nb®" /Nb?™ and were consistent with previous reports [31,110,113,114].
In addition, one pair of shoulder peaks at 1.5 V for the cathodic sweep and at 1.62 V for the
anodic sweep might be caused by different niobium states which are edge-shared octahedral
and corner shared octahedral [110,113,114]. The pair of broad peaks in the potential range
of 1.0 to 1.4 V may be caused by the Nb** /Nb3* redox couple [110,113,114]. Another pair
of a broad peaks in the potential range of 1.75 to 2.0 V was associated with the conversion
of Ti*t/Ti*" [113,114]. In addition, Figures 3.3(b) and 3.3(c) show the peak current I e.x
values measured at differnt scan rates v for the cathodic peak, and anodic peak respectively.
The b-value of the cathodic and anodic peaks were obtained by calculating the index of the
power law fit of the I,.q; versus scan rate v, i.e., Ipeqr = av®. The b-value of the cathodic
peak was found to be 0.78 and that of the anodic peak was 0.7. The b-values in the range
of 0.7-0.8 suggest that the TiNbsO7 goes through a fast redox reaction with relatively low

diffusion limitations.

Figure 3.3(d) shows the capacity retention of TiNb,O; at various C-rates also for a
potential window between 1.0 V and 3.0 V (vs. Li/Lit). The theoretical capacity of TiNbsO7
is estimated to be 388 mAh/g upon 5 lithium ion insertion [112]. Here, the measured
reversible capacity of the TiNbyO7 electrode was around 255 mAh/g at C-rate of 1C. At
C-rate of 2C, the TiNb,O7 electrode provided up to 60 % of its theoretical capacity while
graphite anode can only provide 22 % of its theoretical capacity for the same C-rate [115].

Furthermore, even at rate of 10 C, the TiNb,O7 electrode maintained 40 % of its theoretical
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Figure 3.3: (a) Cyclic voltammogram of TiNbyO7 half-cell cycled with a potential window

ranging from 1.0 to 3.0 V vs. Li/Li* at different scan rates v, (b) measured peak current /e

as a function of v for the anodic peak, and (c) for the cathodic peak, (d) specific capacity

retention of the TiNbyO7 at various C-rates in the voltage range of 1.0—3.0 V.

capacity and showed impressive reversibility over a number of cycles.
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3.2.3 entropic potential of TiNb,O

Figure 3.4(a) plots the cell voltage V' (z,t) and open circuit voltage Uy, (2, T') as functions of
x composition in Li, TiNbyO7; measured by GITT at C-rate of 2C and temperature T = 20
°C. It features three distinct regions apparent in the slope of the open circuit voltage curve
during the incorporation process of Lit in Li, TiNbyO7. The first sharp drop in Uy, (z, T)
in the range 0.0 < 2 < 0.75 was indicative of a homogeneous solid solution [31]. Then,
the voltage plateau in the range 0.75 < x < 1.5 corresponded to a two phase coexistence
region, as discussed in the literature [31,112]. Finally, the shallow slope for 1.5 < z < 3.0

corresponded to another homogeneous solid solution [31,112].

Figure 3.4(b) shows the measured entropic potential OU,e,(z,T)/0T and open circuit
voltage Uye,p (2, T) of the TiNbyO7 half-cell as functions of lithium composition z in Li, TiNbyO7
during lithiation at 20 °C. The measurements were found to be in a good agreement with
previous studies [116]. Indeed, OU,,(x,T)/0T was negative throughout the entire lithium
composition upon lithium insertion. Therefore, the reversible entropic heat generation was
expected to be strictly exothermic (Qrev > 0) during lithiation and endothermic (Qrev <0)
during delithiation. For z < 0.75, the entropic potential OU,.,(x,T)/JT decreased rapidly
upon insertion of lithium in the homogeneous solid solution forming a more ordered struc-
ture [116]. However, OU,e,(x, T')/OT started to increase around xz = 0.75 due to the transi-
tion from a homogeneous solid solution to a two-phase coexistence region. The in situ XRD
data reported in literature [31,117] shows that all the TiNbyO7 reflections were maintained
upon lithiation/delithiation for all values of x. Therefore, the structure of both homoge-
neous solid solution phases was in the monoclinic phase with the identical C/2m space
group and TiNbyO; did not experience crystallographic phase transition [117]. However,
OUpep(,T)/OT experienced fluctuation in the composition range 0.75 < z < 1.5 corre-
sponding to a two-phase coexistence region. Since a crystallographic phase change did not
occur, the observed fluctuation in entropic potential OU,e,(z,T) /0T was influenced by the
intralayer lithium ordering rather than by a first order phase transition. This type of tilde

shape entropy change was first observed by Dahn and Haering [118] upon lithiation of TiS,.
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Figure 3.4: Galvanostatic intermittent titration technique (GITT) curve plotting (a) cell
potential V(z,t) and open circuit voltage U,e,(x,T) during delithiation and lithiation as
functions of lithium composition z in Li, TiNbyO7; (b) entropic potential OU,e,(z,T")/0T
and open circuit voltage Uy, (2, T) as functions of x during lithiation. Both measurements

were taken at C-rate of 2C and temperature T' = 20 °C.

It occurs when it is energetically favorable for the inserted lithium ions in the lattice to

arrange themselves in the vacancies in a more ordered fashion than being randomly inserted
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for further insertion of lithium ions [59]. This intralayer lithium reordering corresponds to
rapid lithium mobility within the Wadsley-Roth block motifs down the tunnels along the
b-axis and also between the lithium vacancy sites with higher activation energy and that
with lower activation energy along the intrablock tunnels as reported in a previous density
functional theory (DFT) study [111]. For x > 1.5, entropic potential OU,e,(z,T) /0T was
nearly constant within a range of -20 to -25 J/mol-K indicating the filling of leftover vacancy

sites in the shear structure of the homogeneous solid solution [116].

3.2.4 Heat generation of TiNb,O;

Figure 3.5(a) plots the irreversible Joule heat generation rate Q J(z,t) during lithiation
and delithiation calculated from Eq.3(1) based on the imposed current I, the cell voltage
V(x,t) measured in the calorimeter under galvanostatic cycling at C-rate of 2C, and the
open circuit voltage Upe,(x, T) measured by GITT at 20 °C. The change observed in Q ;(z, t)
could be attributed to changes in the electrical resistivity of TiNb,O7 upon lithiation. Indeed,
TiNbyO7 is an insulator in its unlithiated state, and exhibits very large electrical resistivity ~
10° Q cm [119]. However, upon lithiation to Lig o5 TiNbyO7, the electrical resistivity decreases
by seven orders of magnitude to ~ 50 €2 cm [119]. This change in electrical resistivity was well
captured by the sharp drop in Q;(z,t) in the composition range 0 < x < 0.9. Furthermore,
the electrical resistivity slightly increased again upon further lithium ion insertion. In fact,
the electrical resistivity was measured to be ~ 700 €2 cm for LiTiNbyO7 and ~ 2000 2 cm
for Lig5TiNbyO7 [119]. This increase in the electrical resistivity of Li, TiNbyO; was also
captured by Q(z,t) for composition z in the range 0.9 < x < 3. However, Q,(z,t) during
delithiation differed from that during lithiation possibly due to the difference in mass transfer

resistance associated with Li™ diffusion in the electrode.

Moreover, Figure 3.5(b) shows the reversible heat generation rate Qe (z,t) during lithi-
ation, and delithiation estimated using Eq.3(2) based on the measured entropic potential
OUpes(2,T)/OT. Here, Qyey(x,t) was exothermic (i.e., positive) upon lithiation and en-

dothermic (i.e., negative) upon delithiation. The effect of Qeo(2,t) became significant as
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Figure 3.5: (a) Irreversible Joule heat generation rate Q  (x,t) during lithiation, and delithia-
tion [Eqs.3(1)], and (b) reversible heat generation rate Qe,(z, t) during lithiation and delithi-
ation [Eqs.3(2)] as functions of lithium composition z in Li, TiNbyO7 at temperature 7' =

20 °C.

Li, TiNbs O transitioned from a homogeneous solid solution to two coexisting solid phases
around x ~ 0.75. After the sharp change, Qre,(,t) remained fairly constant for the rest
of the lithiation process. Note also that integrating va(az, t) over an entire cycle yielded

nearly zero, confirming the reversible nature of this heat generation mechanism.

Figures 3.6(a) and 3.6(b) plot the instantaneous heat generation rate Q7 (x, t) measured in
the calorimeter cell at C-rate of 2C and T' = 20 °C as a function of x in Li, TiNbyO7. The sum
of Q(x, 1)+ Qyev(z, 1) was in relatively good agreement with the measured total heat genera-
tion rate Qr(z,t). Assuming that the effect of heat generation due to side reactions Qg (z, t)
was negligible [47-49], the difference between Qp(x,t), and the sum Q(z,t) + Qreo(z,1t)
corresponded to the enthalpy of mixing, i.e., Qmiz(7,t) = Qr(z,t) — Q (2, t) — Qpev(,1)
[Eq.3(4)]. The heat dissipated due to enthalpy of mixing upon relaxation of quasi-steady

state concentration gradients formed upon cycling was reported to be inversely proportional
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Figure 3.6: Heat generation rates Qr(z,t), Qu(z,t), Qs(x,t) + Qre(x, 1) [Eqs.3(1),(2),(5)]
and cell voltage V' (z,t) measured upon (a) lithiation, (b) delithiation at C-rate of 2C at 20
°C. (c) Apparent diffusion coefficient Dy;+ of lithium ion in Li, TiNbyO7 and (d) enthalpy of
Mixing Qmiz(2,t) = Qr(z,t) — [Qs(2,t) + Qrev(x,t)] as functions of lithium composition x
in Li, TiNb,O; at temperature T' = 20 °C.

to the square of the apparent diffusion coefficient [51]. In fact, the apparent diffusion coeffi-

cient of lithium into the electrode, Dy;+ () can be estimated by combining GITT and Fick’s
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second law according to [120]

Dy (2, T) = % (%)2 <%)2. (3.2)

Here, 7 is the duration of the GITT current pulse, A and V are the surface area and the
volume of the electrode, AV;(z) is the change in the cell potential as a result of the imposed
current pulses excluding the IR drop at the beginning of the current pulse, and AU, (z,T)
is the change in the open circuit voltage between two consecutive current pulses. Figure
3.6(c) shows the apparent diffusion coefficient of Li* in the electrode Dp+(x) measured as
a function of x in Li, TiNbyO at 20 °C. Tt reached a minimum of 8 x107'2 cm?/s at i, ~
0.8 during lithiation and at x,,;,, =~ 1.4 during delithiation. Interestingly, these values of
Zmin corresponded closely to the bounds of the voltage plateau (at U,e, = 1.6 V) observed
in the GITT curve (Fig. 4). This indicates that the very sharp decrease in Dy+(x) was
caused by the transition from a homogeneous solid solution phase reaction to a two-phase
coexistence region [121]. In addition, this change in the apparent diffusion coefficient was also
observed with the enthalpy of mixing Qmm During the lithiation process, a significant drop
in Dp;+(x,T) was observed for 0.4 <z < 0.8. This contributed to an increase in the enthalpy
of mixing Qmiz(7,t) and to its local maximum highlighted in Figure 3.6(d). Similarly, the
sharp decrease in Dp+(x,T) during delithiation between 2.25 > x > 1.4 correlated with an

increase in the enthalpy of mixing and the local maximum highlighted in Figure 3.6(d).

A recent experimental study demonstrated that the net electrical energy losses due to the
hysteretic voltage profile upon cycling were dissipated as Joule heating at a low C-rate [48].
By operating at a C-rate of C/10, the authors were able to neglect the effect of enthalpy of
mixing [48]. However, the latter can be significant in fast charging batteries operating under
high currents [51]. Here, the net electrical energy losses AE, (in J) between the electrical
energy provided during charging and that recovered during discharging was illustrated in the

hysteric voltage V' (z,t) and expressed as [48]

AE, :]{ V(z,t)dgq (3.3)
cycle

where ¢ is the charge transferred upon electrochemical reaction. The total thermal energy

dissipated @7 (in J) as well as the heat dissipated in the form of Joule heating @); and
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Figure 3.7: Net electrical energy losses AFE, and total thermal energy dissipated @ for the
first five charging-discharging cycles as well as that due to Joule heating () ; during lithiation

and delithiation. The enthalpy of mixing corresponds to Q... = Qr — Q; = AE. — Q.

enthalpy of mixing @, were calculated according to [48]

Q; = Qi(z, t)dt withi= T, J, rev,or mix (3.4)

cycle

Figure 3.7 presents the electrical energy losses AF, over the first five cycles and the total
thermal energy dissipated Q) along with that due to Joule heating ); during lithiation
and delithiation. The experimental error associated with () was calculated based on the
sensitivity of the heat flux sensor and on the precision of the data acquisition system (DAQ).
Figure 3.7 indicates that AF, increased upon cycling possibly due to the associated increase
in the internal resistance [122,123]. More importantly, AF, fell within 2 % of the mea-
sured total thermal energy ()7 generated per cycle, i.e., the electrical energy losses were

dissipated entirely in the form of heat, i.e., AE, = Qr. In addition, the irreversible Joule
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heating during lithiation was larger than that during delithiation due to the slower kinetics
of lithiation characterized by a smaller apparent diffusion coefficient compared to delithia-
tion resulting in a larger overpotential [124]. Since @, ~ 0, the difference between Qr and
(s represented the heat dissipated as enthalpy of mixing ;.. Over the first five cycles,
thermal losses ()7 and @, increased as cycling proceeded. This can be attributed to the
increase in the internal resistance with cycling possibly due to the mechanical degradation
and growth of the SEI layer on the TiNbyO7 electrode [122,123]. Nevertheless, the enthalpy
of mixing remained nearly constant regardless of the cycle number and contributed only 15
% of the total energy dissipated. By contrast, calculations based on isothermal calorimetry
on LiAlysMn; sO4_sFg 2 showed that the energy dissipated in the form of enthalpy of mixing
was 52 % of total dissipated heat at the same rate with the same electrolyte and counter
electrode [51]. The present results indicate that the heat dissipation due to the enthalpy of
mixing remained small in the calorimeter cell even at a C-rate of 2C which is very promising

for fast charging battery applications.

3.3 Conclusion

This paper reports a fast, simple, and inexpensive synthesis method of small TiNb,O; parti-
cles, requiring a mere 7 to 8 minutes in a microwave oven under an ambient atmosphere. This
preparation method presents new opportunities for reducing the production costs and synthe-
sis times of promising LIB anode with excellent performance at high C-rates. The synthesized
TiNby,O7 particles were smaller than those synthesized with conventional solid state methods.
Entropy measurements combined with previous in situ XRD measurements [31,117] estab-
lished the occurrence of intralayer lithium ordering enabling the fast charging of TiNbyOs.
In addition, the heat generation rate due to Joule heating varied widely during lithiation
and delithiation and dominated the energy losses during cycling at C-rate of 2C. Such calori-
metric measurements can further provide insight into changes in the electrical conductivity
of batteries for different SOC upon cycling. Furthermore, the enthalpy of mixing remained

small even at high C-rates and correlated with changes in the measured apparent diffusion
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coefficient of Li* in the Li, TiNbsO7 electrode upon lithiation/delithiation. These results
establish that TiNbyO7 constitutes an excellent anode material for fast charging battery

applications.
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CHAPTER 4

Potentiometric Entropy and Operando Calorimetric

Measurements Reveal Fast Charging Mechanisms in

PNb9025

This chapter aims to identify the entropic and calorimetric signatures of the different physic-
ochemical phenomena taking place during charging/discharging at the PNbgOy5 working
electrode and at the lithium metal counter electrode. Potentiometric entropy and calorime-
try measurements were combined with XRD measurements to understand the structural
changes in the PNbgOy5 upon lithiation/delithiation. Furthermore, the instantaneous heat
generation rate measurements at each electrodes during cycling was used to deepen our

understanding of electrochemical phenomena resulting in heat dissipation.

4.1 Materials and methods

4.1.1 Synthesis of PNbyOy5 powder

Stoichiometric ratios of NbyOs (Materion, 99.95%) and (NH4)3PO, (Sigma Aldrich, 98%)
were ground using an agate mortar and pestle for 20 minutes to achieve a well-ground
mixture. Then, 3 grams of powder was pressed into a 13 mm diameter pellet under 2 tons of
force. The pellet was placed into an alumina crucible on a bed of sacrificial powder mixture
and heated in air in two steps. First, the material was heated to 623 K for 20 hours. Second,
the temperature was increased to 1523 K for 18 hours and the samples were slowly cooled
to room temperature. The average particle size of the synthesized PNbgOq5 powder was 5

pm and decreased to 1 um after 30 minutes of ball-milling.
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4.1.2 Electrode and device fabrication

The synthesized PNbgOq; pellet was ground with SuperP (TIMCAL) using an agate mortar
and pestle for 5 minutes until visibly combined. The mixture was transferred to a stainless-
steel ball mill canister (5 mL, one ball), and mechanically milled for a total of 20 minutes in
order to achieve thorough mixture of the carbon and active materials. A slurry was prepared
by first suspending polyvinylidene fluoride (PVDF) in N-Methyl-2-pyrrolidone (NMP) and
speedmixing at 2000 rpm for 10 minutes. The PNbgOys5/carbon mixture was added to the
PVDF and speedmixed at 2000 rpm for another 10 minutes. The resulting slurry had mass
ratio 1:0.15:0.05 of PNbgOs5:conductive carbon:binder. A doctor blade was used to cast the
slurry onto a copper foil current collector. The resulting 200 gm thick film was dried at 90
°C under vacuum for 18 hours. Then, electrodes were punched into a 10 mm diameter disc.

The mass loading of active material on the electrode was 6.2 mg/cm?.

Cyclic voltammetry and galvanostatic cycling were conducted using a coin cell configu-
ration (MTI parts, 2032 SS casings). All coin cells were fabricated in an Ar-filled glove box
and consisted of a 200 pm thick PNbgOqs electrode with 1 M of LiPFg in EC:DMC 1:1 v/v
(Sigma Aldrich) as the electrolyte, a 10x10x1 mm thick polished metallic lithium (Sigma
Aldrich) ribbon as the counter electrode, and a 200 pm thick glass microfiber filter separator
(Whatman, Grade GF/C). The coin cells were cycled using a high accuracy potentiostat
(Biologic, VSP-300) in the voltage range of 1.0—3.0 V.

4.1.3 Material characterization

In order to confirm the formation of the desired composition and phase, X-ray diffraction
spectra were collected using a Panalytical Empyrean powder diffractometer equipped with
Cu K-a radiation (A = 1.5406 A). The PNbyOys powder was distributed onto a Si zero-
background plate and the data were collected in Bragg-Brentano geometry. Rietveld refine-
ment was performed using TOPAS (Academic v.6) and fit to the previously solved space
group for PNbgOsqs 14/m [125].

62



4.1.4 Potentiometric entropy measurements

The open circuit voltage Uy, (2, T) and the entropic potential OU,e, (x,T) /T of the coin cells
with the PNbgOs5 anode and lithium metal counter electrode were measured as functions
of lithium composition x with a potentiometric entropy measurement technique using the
appartus described previously [50]. The potentiometric entropy measurements procedure
consists of imposing a series of constant current pulses each followed by a relaxation period.
Here, the constant current pulse lasted 30 minutes with a current of 130 pA corresponding
to a C-rate of C/10. After each current pulse, the cells were allowed to relax for 90 minutes.
During the relaxation period, the temperature of the coin cell was varied from 15 °C to 25 °C
in 5 °C increments by imposing a step-like temperature profile using a thermoelectric cold
plate (TE technology, CP-121). The temporal evaluation of the cell voltage was recorded with
a high accuracy potentiostat (Biologic, VSP-300). Likewise, U*9(x,T') and o0U*9(x,T')/0T
were measured using the same procedure as that used for measuring U, (z,T), including
the same relaxation time, but at different C-rates. The duration of the current pulses also
changed with C-rates. For instance, at C-rate of 1C, each current pulse lasted 3 minutes,
while it lasted 2 minutes for C-rate of 2C, and 1 minute for 3C. Before imposing the next
temperature step and recording U,e, (z,T') or U9(x, T'), two conditions needed to be satisfied
to ensure that the cell had reached thermodynamic equilibrium namely (i) the temperature
difference between the cold plate and the top of the coin cell was less than 0.1 °C, and (ii)
the time rate of change of the open circuit voltage OU,.,(x,T) /0t or QU9 (x,T) /Ot was less
than 1 mV/h.

4.1.5 Operando isothermal calorimetry

The instantaneous heat generation rates at the PNbgOs5 and lithium metal electrodes were
measured separately under galvanostatic cycling using a custom-made isothermal calorimeter
described previously [109]. Similar to the coin cell assembly, the calorimetric cell consisted
of (i) a1 x 1 em? square shaped PNbgOgs electrode, (ii) two 50 pum thick Celgard C380

polypropylene/polyethylene separator sheets, (iii) 1 M LiPFg in EC:DMC 1:1 v/v (Sigma
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Aldrich) as the electrolyte, and (iv) polished metallic lithium (Sigma Aldrich) as the counter

electrode.

Based on the thermal analysis of a single electrode described in Supplementary Materials
of Ref. [109], the heat generation rate Q;(¢) (in mW) at each electrode was equal to the heat
transfer rate ¢/(t) passing through the 1x1 ¢cm? thermoelectric heat flux sensor (greenTEG,

gSKIN-XP) placed in thermal contact with the back of each electrode such that [109],

s /] _ AV;(t)
Qi(t) = q; (1) A; = S,

Here, AV} is the voltage difference measured in each heat flux sensor, A; denotes the footprint

A; withi= PNO or Li. (4.1)

area of the electrode (in cm?), and S; is the temperature-dependent sensitivity of the heat
flux sensor provided by the manufacturer (in xV/(W/cm?)). The total instantaneous heat
generation rate in the entire cell can be expressed as the sum of the heat generation rate

measured at each electrode, i.e., Qr(t) = Qui(t) + Qpno(t).

[1P¢2]

Moreover, the instantaneous heat generation rate Qz(t) at electrode “2” can be di-
vided into an irreversible Qm,i(t), and a reversible Qrev,i(t) heat generation rate so that
Qi(t):Qirr,i(t)—i—Qrev,i(t). Obtaining Qimi(t) for a battery electrode is rendered difficult by
the fact that the electrical conductivity of the electrode may change upon lithiation/delithiation.
However, it is convenient to note that, time-averaging Qrevﬁi(t) at each electrode over an en-
tire cycle should yield zero. Thus, the time-averaged irreversible heat generation rate éimi(t)

7530
]

at electrode can be expressed as

= 1
Qirr,i - tc + td yele
where ¢. and ¢4 are the duration of the charging (delithiation), and the discharging (lithiation)

Qi(t)dt withi= PNO or Li (4.2)

steps, respectively. The time-averaged heat generation rates during either the lithiation

(subscript ‘d”) or the delithiation (subscript ‘¢”) step can also be calculated as
- 1 (b .
Qij = t_/ Q;(t)dt withi= PNOor Li and j= cord. (4.3)
J Jo

Thus, the time-averaged reversible heat generation rate during charging or discharging is
given by
érev,i = éu — éirm withi= PNQor Li and j= cord. (4.4)
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Furthermore, under galvanostatic cycling, the time ¢ (in sec) can be converted into the

lithium composition z in Li,PNbgOs5 such that

It

.t 45
T 3600M Chen (4.5)

Here, M is the mass loading of the active material and Cy,., is the theoretical capacity of

PNbgOss5 estimated as Cyreo=190.3 mAh/g based on one electron per transition metal.

4.2 Results and discussion

4.2.1 Material and Electrochemical characterization

Figure 4.1(a) shows the XRD pattern of the pristine PNbgOqs particles synthesized in this
study. The lattice parameters and the atomic positions were refined. Here, the weighted
profile R-factor R,,, was 18.736, which is slightly high because the peak shape asymmetry
was captured. However, all peaks observed in the pattern were assigned to a single phase
consistent with PNbgOgs in the space group I14/m with a = 15.62054(7) A, ¢ = 3.82920(7) A,
and unit cell volume of 934.33(2) A3, These peaks were in a good agreement with previous

studies [125].

Figure 4.1(b) shows the cyclic voltammograms of the PNbgOy5 half-cell at different scan
rates between 1.0 V and 3.0 V vs. Li/Li*. It features four distinct pairs of cathodic and
anodic peaks, revealing the reversibility of lithiation/delithiation in PNbgOgs. In addition,
all four pairs of redox peaks occured at potential above 1.0 V vs. Li/Li", confirming that
PNbgOy5 is a high voltage anode material for LIBs. The pair of cathodic and anodic peaks
with the highest potential observed at 1.63/1.78 V vs. Li/Li" (blue dots), was attributed
to Nb>T/Nb** redox reactions [125-127]. Likewise, the pair of cathodic and anodic peaks
with the lowest potential observed at 1.12/1.28 V vs. Li/Li* (orange dots), was attributed
to Nb** /Nb3* redox reactions [125-127]. The b-value associated with each cathodic and
anodic peak was obtained by fitting the peak current I,..; vs. scan rate v with a power law
such that Leqr = av® (see Appendix C). The b-values of these four cathodic and anodic peaks

were around 0.6 suggesting that charging and discharging might be limited by diffusion of
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Figure 4.1: (a) X-ray diffraction pattern of the pristine PNbgOqs particles synthesized, (b)
cyclic voltammogram of PNbgOss half-cell cycled with potential window ranging from 1.0
to 3.0 V vs. Li/LiT at different scan rates v, (c) galvanostatic charge-discharge potential
profile, and (d) specific capacity retention of the PNbgOgs half-cell cycled between 1.0 and
3.0 V vs. Li/Lit at C-rates between C/10 and 40C.

lithium in the PNbgOqs electrode [128]. Furthermore, two more pairs of cathodic and anodic
peaks were observed at 1.37/1.45 V (red dots) and 1.49/1.56 V (green dots) vs. Li/Li*.
The b-values associated with these peaks were found to be around 0.95 corresponding to
fast and reversible redox reactions [128]. Such large b-values illustrate the potential of

PNbgOs5 anodes for high power density batteries despite undergoing phase transitions upon
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lithiation [128].

Figure 4.1(c) shows galvanostatic charge and discharge profiles of PNbgOss half-cell cycled
between 1.0 and 3.0 V (vs. Li/Li") at different C-rates. At C-rate of C/10, the specific
capacity was measured to be 225 mAh/g. The latter was larger than the theoretical capacity
calculated as Cypeo = 190 mAh /g based on the assumption of 1 electron per transition metal.
Measurements by X-ray photoelectron spectroscopy showed that more than 1 electron was
stored per transition metal confirming multi-electron redox reaction [129]. Two voltage

plateaus were observed around 1.7 V and 1.1 V corresponding to the redox peaks with low

b-values of 0.6 observed in Figure 4.1(b).

Figure 4.1(d) shows the specific capacity retention of the PNbgOqjs electrode as a function
of cycle number for C-rates ranging from C/10 to 40C. The capacity of the PNbgOas electrode
was around 200 mAh/g at C-rate of 1C. Furthermore, even at C-rate of 10 C, the PNbgOos
electrode showed impressive fast charging ability and maintained 75 % of its capacity at
C/10. In addition, after 30 cycles, it maintained its capacity and demonstrated excellent
reversibility. By comparison, TiNbyO7, one of the commercially accepted fast charging type
lithium-ion battery anode materials, maintained 40 % of its C/10 capacity at C-rate of 10
C [50].

4.2.2 Entropic potential of PNbgOo;

Figure 4.2 plots the open circuit voltage U,., (2, T') and the entropic potential OU,,(z,T) /0T
at 20 °C as functions of & composition in Li,PNbgOgs at C-rate of C/10 during lithiation.
The trend of both measured Uye, (2, T') and OU,e, (2, T') /OT were repeatable during lithiation
and subsequent delithiation at C-rate of C/10. It features six distinct regions based on the
slope of Uyey (2, T) and OU,e, (2, T)/OT. In Region I, corresponding to x < 2, both the open
circuit voltage Uy (2, T) and the entropic potential OU,e,(z, T')/OT feature sharp drop and
sloped curve indicative of lithium insertion in a homogeneous solid solution [125,129]. Here,
OUpep(2,T)/OT decreased sharply upon lithiation in the homogeneous solid solution resulting

in a more ordered structure. In Region I, for 2 < a < 3.5, both U,e, (2, T') and OU,e (2, T) /0T

67



were constant and independent of x confirming a two-phase coexistence region also observed
previously in XRD measurements [125]. Note that U,.,(z,T) associated with this two-phase
coexistence region was 1.7 V (vs Li/Li") and corresponded to the potential of the redox
peak observed in the CV curve [Figure 4.1(a)]. In addition, in situ X-ray powder diffraction
of PNbgOss5 revealed that the structure goes through both solid solution regions and two-
phase coexistence regions [129]. However, the two coexisting phases belong to the original
refined space group with two different lattice parameters [129]. First, a solid solution of the
original I4/m space group was formed upon lithiation from PNbgOqs to LisPNbgOqs. Second,
between LisPNbgOss and Liz sPNbgOss5 the second 14 /m phase emerged with a larger unit cell
volume confirming the two-phase coexistence region identified from the analysis of Uy, (z, T')

and OU,e, (2, T)/0T.
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Figure 4.2: Open circuit voltage Uy, (x,T) and entropic potential OU,e, (2, T') /0T of PNbgOas
half cell as functions of lithium composition x in Li,PNbgOs5 during lithiation at C-rate of

C/10.
For 3.5 <z < 9.5, U,ep(z,T) shows a sloped potential suggesting a homogeneous solid
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solution. In situ XRD measurements also confirmed a monophasic lithiation process [126].
However, based on QU,,(x,T) /0T, this composition range can be further divided into three
distinct regions. First, in Region III, defined by 3.5 < x < 5, QU (2, T) /T increased first
then decreased at higher  composition resulting in a local maxima. This behavior could be
attributed to an semiconductor-to-metal transition known to occur in this region, based on
magnetic susceptibility and solid-state nuclear magnetic resonance measurements, electro-
chemical impedance spectroscopy data, and density functional theory calculations [129]. The
electronic entropy of insulating oxide is nearly zero due to the zero density of state at the
Fermi level [89]. However, when the oxide becomes metallic, it exhibits high electronic en-
tropy. Thus, OU,e,(x,T) /0T, which corresponds essentially the partial molar entropy of the
PNbyOys electrode, featured a peak at the semiconductor-to-metal transition (see Appendix
C). In Region IV, such that 5 < x < 8, QU (z, T)/OT presents a small negative slope from
-0.12mV/K to -0.16 mV/K indicating the intercalation of lithium ion in a homogeneous solid
solution. Furthermore, in Region V corresponding to 8 < z < 9.5, OU,e,(x, T) /0T displays
a tilde shape fluctuation. These observations were attributed to intralayer lithium ordering
similar to that observed in TiS, [118] and LiCoOs [81]. Such ordering occurs when it is ener-
getically advantageous for the intercalated lithium ions to arrange themselves in the vacant
sites in a more ordered manner instead of being randomly inserted [50,59]. Furthermore, nu-
merical simulations based on statistical mechanical modeling and validated experimentally
with Li-ions in graphite suggest that the interatomic forces can caused ion ordering and
result in tilde shape fluctuation in the partial molar entropy [130]. This intralayer lithium
ordering possibly corresponds to fast lithium transport within type-a edge sites with low
kinetic barriers [129]. It is interesting to note that the XRD measurements suggest no crys-
tallographic phase change in this region. Lastly, in Region VI with > 9.5, both U, (z,T')
and OU,,(x,T) /0T were constant suggesting another two-phase coexistence of Lig sPNbgOos
and Lijg5PNbgOq5 phases.

Overall, the entropic potential measurements confirm the existence of two two-phase
coexistence regions also identified from electrochemical testing and XRD measurements [125,

129]. Most notably, the present analysis of both U,e,(z,T) and QU (x,T) /0T also captured
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the entropic signature of semiconductor-to-metal transition (Region III) and intralayer ion

ordering (region IV) which could not be identified from other characterization methods.

4.2.3 Heat generation rates
4.2.3.1 Instantaneous heat generation rates

Figures 4.3(a)-4.3(c) plot the instantancous heat generation rates Q pyo(t) measured at the
PNbgOs5 electrode and Q ri(t) at the lithium metal electrode as well as the total instanta-
neous heat generation rate Qr(t) = Qpno(t) + Qi(t), as functions of dimensionless time
t/teq, with t.q being the charging/discharging cycle period, for three consecutive cycles at
temperature of 20 °C and at C-rate of 1C, 2C, and 3C, respectively. First, the measurements
at each electrode were repeatable cycle after cycle. In addition, the magnitude of Q Li(t) at
the lithium metal electrode was relatively constant over the charging or discharging step for
any given C-rates unlike Qpyo(t) at the PNbyOs; electrode which varied significantly with

time.

Figures 4.4(a) and 4.4(b) plot the instantaneous heat generation rates Qpyo(x) mea-
sured at the PNbgOs5 electrode during lithiation and delithiation at 20 °C as a function
of composition x in Li,PNbgOy5 for C-rate of 1C, 2C, and 3C. At the onset of lithiation
for x < 2.0, QpNo(iL‘) featured an endothermic dip resulting in QpNo(x) < 0. This can
be attributed to the reversible entropic heat generation Qye,() [eq.4(10)] characterized by
a positive OU,e, (z,T) /0T and featuring a sharp drop as the lithium composition increased
(Figure 4.2). This dip was enhanced by the decrease in Joule heating Q(x) > 0 due to the
drop in electrical resistance of PNbgOs5 associated with the insulator to semiconductor phase
transition upon lithiation [129]. Indeed, the pristine PNbgOgs was white and electrically in-
sulating but became black as it underwent an insulator-to-semiconductor and semiconductor
to metal transitions sequentially upon lithiation [129]. This transition was observed as a peak
in the entropic potential measurements (Figure 4.2). Beyond  ~ 2, Qpno(z) was positive
and increased with increasing C-rate due to the associated increase in Joule heating. Con-

versely, Qpno (x) increased sharply during delithiation at low lithium composition due to the
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exothermic reversible entropic heat generation and the increase in the electrical resistance of
Li,PNbgOs5. Likewise, it also increased with increasing current or C-rate accompanied by
the associated increase in Joule heating. In addition, Figure 4.4(b) shows a local maxima
for x ~ 5 corresponding to the semiconductor-to-metal transition observed in the entropic

potential OU,e, (2, T') /0T (Figure 4.2).
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Figure 4.4: Instantaneous heat generation rates Q pno(x) at the PNbgOss electrode during
(a) lithiation, (b) delithiation, and Q;(z) at the lithium metal electrode during (c) lithiation,
(d) delithiation in the calorimetric cell cycled between 1.0 and 3.0 V vs. Li/Lit at C-rates
of 1C, 2C, and 3C as functions of z in Li,PNbgOas.

Furthermore, Figures 4.4(c) and 4.4(d) plot the instantaneous heat generation rate Q Li(7)
measured at the lithium metal electrode at 20 °C as a function of lithium composition = for

C-rate ranging from 1C to 3C during lithiation and delithiation, respectively. Figure 4.4(c)
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indicates that the magnitude of the heat generation rate at the lithium metal electrode
Qpri(x) was relatively constant throughout the lithiation process. This was attributed to the
continuous Li™ ion stripping and exothermic Lit ion solvation accompanied by ion-pairing in
the EC:DMC electrolyte at constant current [131]. Then, Qz;(x) increased with increasing
current I. By contrast, Figure 4.4(d) shows that Qp;(x) increased during delithiation due
to the plating of Li* on the lithium metal counter electrode accompanied by endothermic
ion dissociation and exothermic dendrite formation on the surface of lithium metal counter
electrode [132]. Indeed, during delithiation, Li* ions deintercalated from the PNbgOys elec-
trode, got solvated in EC:DMC and transported across the device until they reached the Li
metal counter electrode where they lost their solvation shells before being deposited on the

lithium metal electrode surface in the form of dendrites [133].

4.2.3.2 Time-averaged heat generation rates

Figure 4.5(a) plots the time-averaged irreversible heat generation rates ém, pyo and CTQW’ Li
over a cycle at the PNbgOg5 and the lithium metal electrodes as functions of imposed current
I. Here, the square data points correspond to the time averaged CTQWJ- performed over 5
consecutive cycles at at give C-rate. In addition, the error bars correspond to two standard
deviations or 95 % confidence interval. Fitting of ém, ri(I) at the lithium metal electrode
indicates that it increased quadratically with respect to [, i.e., ém, ri(I) o< I?. In other words,
the irreversible heat generation was dominated by Joule heating as the electrode resistance of
the Li electrode was constant and independent of the state of charge. In addition, ém«, PNO
at the PNbgOsq5 electrode was similar to that of the lithium metal electrode ém, i at low
current. However, éirr,PNO was smaller than C}im ri at higher current. This can also be
attributed to the increasing magnitude of the endothermic peak with increasing current (or
C-rate) which resulted in negative Qpyo(z) early in the lithiation process [Figure 4.4(a)].
In addition, Joule heating in the PNbgyO,s electrode did not vary as I? due to the important
changes in its electrical resistivity upon lithium intercalation/deintercalation. Moreover, as
the C-rate increased, the capacity of the battery decreased indicating that the amount of

lithium intercalating/deintercalating also decreased. In fact, at C-rate of 1C, PNbgOs5 was

73



lithiated up to Lijg5PNbgOqs while it was only lithiated up to LigPNbgOo5 at C-rate of 3C
for the same potential window. Thus, at high C-rate, the material underwent a narrower

change in composition so that the average electical resistivity also varied with C-rate.

Figure 4.5(b) plots the time-averaged reversible heat generation rate @Tm pNo,;| at the
PNbyOs5 working electrode and |CT)T€U7 Li;| at the lithium metal counter electrode computed
according to eqs.4(16)-(18) during lithiation (j=d) and delithiation (j=c) for different cur-
rents I. It establishes that both |Q7m,7 pNno,j| and |C§T6v, Lij| at each electrode were identical

during lithiation and delithiation, confirming their reversible nature. Furthermore, both

|QTrev,PNO,j| and @rev, Li,j| were linearly proportional to the current /. Combining eqs.4(7)
and (10) yields the time averaged reversible heat generation rate érev,i due to the entropic

change at each electrode during galvanostatic cycling, i.e.,

1T 8§pNO

- ° -
Qrev,Li = ——S5; and Qrev,PNO =
e e Ox

. (4.6)

Thus, érev, i 18 exothermic (> 0) during discharging and endothermic (< 0) during charg-
ing whereas érev’PNO is endothermic during discharging and exothermic during charging.
In addition, eq.4(20) suggests that érev,i is linearly proportional to current I in qualita-
tive agreement with experimental data plotted in Figure 4.5(b). The formation entropy
9, of lithium metal is equal to 0.29 meV/K [41]. Based on the measured entropic pon-
tential OU,, /0T, the averaged 05pyo/0z over all compositions x achieved during a cycle
was estimated as 0.21 meV/K [eq.4(7)]. Thus, the ratio |érev,i7j/(1/e)| should be equal to
T's9,=85 meV for the lithium metal electrode and T'0spno/0r=63 meV for the PNbgOqs
electrode at 20 °C [eq.4(20)]. Figure 4.5(c) plots \Qva,pNQj/(I/e)] vs. current [ at the
PNbgOg; (i = PNO) and at the Li metal (i = Li) electrode. It establishes that the ra-
tios |QTTev’pNO7C/d/([/€)’ and |CT2,4€U,LZ-7C/CZ/(I/€)] were independent of I for both lithiation and
delithiation. Furthermore, |C§Tev,Li,C/d/(I/e)\ was larger than ’érav’PNo’C/d/(]/EH as predicted
from the entropic potential measurements. Here, |érev,Li,c/d/ (I/e)| was measured to be 41
meV while |C§m,, pNoO,c/a/(I/e)] was 34 meV. These values were smaller than the calculated
Ts9, and TOspno/Ox, thus implying the occurrence of other physicochemical phenomena

contributing to the reversible heat generation rate at each electrode.
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isothermal operando calorimetry measurements at 20 °C.
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The reversible heat generation rate at each electrode could be attributed not only to the
entropic change [eq.4(10)] [47-49] but also to ion solvation/desolvation accompanied with
ion-pairing [131,134-137], and to ion adsorption/desorption at the electrode surface [68-71].
Solvation or desolvation of Li* ions in carbonate takes place alternatively at the anode and
cathode during charging and discharging. Thermochemistry calculations revealed that the
enthalpy of solvation AH,, of Lit ion in EC:DMC is negative so that the complexation
of the Lit ion-carbonate is spontaneous and exothermic [134-136]. Conversely, desolvation
is endothermic. Moreover, upon solvation, the solvated Lit ions may form ion-pairs with
solvated PFg [137]. The electric energy is released when two oppositely charged ions are
brought together so that forming an ion pair is an exothermic process, i.e., AH,; < 0
[131]. The enthalpy associated with ion-pairing AH;, is the sum of the change in electric
enthalpy AH,; due to ion association and the enthalpy of desolvation AHgeso, i.e., AH;), =
AHg + AHgesop = AHy — AHg, [131]. More specifically, AH;, for 1M of LiPFg in 1:1 v/v
EC:DMC electrolyte was estimated using molecular dynamic simulations to be -0.8 kJ/mol
at 20 °C [131]. Thus, forming an ion-pairs is an exothermic process while dissociation of
ion-pairs is endothermic. During charging, ion-pairing takes place at the PNbgOy5 electrode

while the reverse process occurs at the lithium metal counter electrode.

Finally, ion adsorption and desorption may also contribute to the reversible heat genera-
tion rate in battery electrodes. The heat generation rate associated with ion adsorption and
desorption was found to be significant in electric double layer capacitor and was also pro-
portional to the applied current I [68-71]. During charging, PF; adsorbed to the PNbgOqj
electrode while, simultaneously, Li* desorbed from it. Previous numerical simulations have
established that the reversible heat generation rate decreased with increasing ion diame-
ter [138]. Thus, the endothermic contribution of Li* desorption is more significant than the
exothermic contribution of PF; adsorption. In brief, reversible heat generation rates due
to ion adsorption/desorption have opposite sign compared with those associated with re-
versible entropic change. Overall, calorimetric measurements established that the reversible
heat generation rate at each electrode was dominated by the entropic changes with some

contributions from ion solvation/desolvation accompanied with ion-pairing as well as ion

76



adsorption /desorption.

4.2.3.3 Heat generation rate of a full cell
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Figure 4.6: Measured total heat generation rate Qr(z) and heat generation rates Q(x),

Q(2) + Qres(z) calculated according to eqs.4(9) and (10) along with operating voltage V()

of a cell upon (a) lithiation, (b) delithiation at C-rate of 1C, (c) lithiation, (d) delithiation

at C-rate of 2C, and (e) lithiation, (f) delithiation at C-rate of 3C at 20 °C.
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Figures 4.6(a)-4.6(f) plot the total instantaneous heat generation rate Qp(z) = Qpyo(z)+
Q ri(z) as a functions of x in Li,PNbgOy5 measured in the entire cell at 20 °C during lithia-
tion and delithiation for C-rate of 1C, 2C, and 3C. It also shows the contributions from Joule
heating Q(z) and entropic reversible heat generation Q,., (), respectively calculated using
eqs.4(9) and (10) based on the measured open circuit voltage Uy, (), operating voltage V(x),
and entropic potential OU,e,()/0T of the device. Here, for all C-rates considered, @ ()
decreased sharply for x < 2 during lithiation due to the transition of PNbgOy5 from insula-
tor to semiconductor upon lithiation. Conversely, Q 7(2) increased sharply for x < 2 during
delithiation. It is interesting to note that the trends of the calculated Joule heating Q 7(2)
was similar to those observed in the reported resistivity of the PNbgOs5 electrode based on
the electrochemical impedance spectroscopy measurements [129]. Moreover, predictions of
the sum Q () + Qres(2) agreed relatively well with the measured total heat generation rate
QT(x) for both lithiation and delithiation. neglecting the heat generation rate due to side
reactions Q,,(z) leads to expressing the enthalpy of mixing Qmis(z) as the difference between
Qr(z) and the sum Q;(z) + Qres (1), 1.6., Qmiz(z) = Qr(2)—Q ()= Qpev () [eq.4(8)] [47-49).
Then, Figure 4.6 indicates that () increased with increasing C-rate. This can be at-
tributed to larger Li™ concentration gradients developed within the electrode due to diffusion

limitation as the imposed current I increased [53].

4.2.3.4 Energy balance

Figure 4.7 presents the electrical energy losses AFE, measured from the hysteresis in the
cell potential V(x,T) [eq.4(14)] at C-rates of 1C, 2C, and 3C. It also plots the measured
total thermal energy (Qr dissipated in the entire cell along with the contributions from
Joule heating @, [eq.4(13)] during lithiation and delithiation. Figure 4.7 indicates that
AF, increased with increasing C-rates due to the associated increase in the overpotential
V(z, T) — U™9(x,T)] [122,123]. The values U*9(x,T) and OU*9(x,T)/IT measured by
GITT at different C-rates used in the calculation of Q J(z,T) and Qrev(x, T). Furthermore,
the electrical energy losses AE, fell within 4 % of the measured total thermal energy Qr

dissipated over cycle. In other words, the electrical energy losses were dissipated in the
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form of heat and the electrochemical measurements were in excellent agreement with the
calorimetric measurements so that AE, = Qr. Additionally, the irreversible Joule heating
during delithiation was smaller than that during lithiation due to relatively fast kinetics of
delithiation compared to that of lithiation as observed in the apparent diffusion coefficient

of Li™ ion in the PNbgOys electrode (see Appendix C).
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Figure 4.7: Net electrical energy losses AFE, and total thermal energy dissipated Q)1 averaged
over the first five charging-discharging cycles as well as contributions from Joule heating @) ;
during lithiation and delithiation. The enthalpy of mixing corresponds to Q. = Qr— Q7 =
AE. — Q.

Moreover, since QQ,., ~ 0, the difference between ()7 and (); corresponded to the heat
dissipated as enthalpy of mixing, i.e., Qni.=Qr - Q. At C-rate of 1C, the irreversible
Joule heating was responsible for 89 % of the total energy dissipated while the enthalpy of
mixing contributed only 11 %. However, the contribution of the enthalpy of mixing to the
total energy dissipated increased with increasing C-rate to reach 33 % at C-rate of 3C. The

present results suggest that the contribution of the enthalpy of mixing in the heat generation
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of PNbgOo; was relatively small compared with other battery electrode materials even at
high C-rate [51]. These new results confirm that PNbgOy; is a very promising anode material

for fast charging LIB applications.

4.3 Conclusion

This study investigated the charging mechanisms responsible for the fast charging of PNbgOos
electrode in lithium ion batteries. The cyclic voltammetry and galvanostatic cycling con-
firmed the impressive rate performance of PNbgOy5 with cathodic and anodic peaks above
1V (vs. Li/Li") thus avoiding SEI formation. Entropy measurements not only confirmed
the phase transitions identified from XRD measurements but also identified semiconductor-
to-metal transition and intralayer lithium ordering which could not be identified from other
characterization methods. Moreover, this study reports, for the first time, the individual heat
generation rates at the PNbgOy5 working electrode and at the Li metal counter electrode in
a battery cell during cycling. The heat generation rate due to Joule heating dominated the
energy losses. The time-averaged irreversible heat generation rate indicated that the elec-
trical resistance of the lithium metal electrode was constant and independent of the state of
charge while the electrical resistance of the PNbgOo5; changed significantly with the state of
charge. Furthermore, the time-averaged reversible heat generation rates over the charging
or discharging steps were equal and linearly proportional to the imposed current at both
electrodes. In addition, entropic changes dominated the reversible heat generation rate at
each electrode. The enthalpy of mixing increased with the increasing C-rate but remained
relatively small even at high C-rates compared to other LIB electrode materials. These
results establish that PNbgOq5 constitutes an excellent anode material undergoing insulator-
to-metal transition and intralayer ion ordering during lithiation, two attractive features of

fast charging battery applications.
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CHAPTER 5

Probing the effect of particle size in the heat
generation of Wadsley-Roth Shear Phase (W(:V(5)307

with Operando Calorimetry

This chapter aims to use potentiometric entropy and calorimetric measurement techniques
to understand structural changes and different physicochemical phenomena occurring in
(Wo2Vo.5)307 working electrodes made of particles with different sizes during charging/discharging.
To do so, potentiometric entropy measurements at low C-rates were combined with other
electrochemical characterization techniques as well as with in situ X-ray diffraction (XRD)
measurements to investigate the phase transition occurring in the (Wy2Vg5)307 electrode.
Furthermore, the instantaneous heat generation rates were measured by operando isother-
mal calorimeter at high C-rate at the electrode made of (W 3Vg)307 microparticles or
nanoparticles and the lithium metal counter electrode in 1 M of LiPFg in EC:DMC 1:1 v/v
during cycling. These measurements were used to gain insight into the dynamic interfacial

and transport phenomena responsible for any energy dissipation upon cycling.

5.1 Materials and methods

5.1.1 Synthesis of (W(3V(5)3;07; powders

The solid-state preparation of (W2 V(s)307 microparticles followed the synthesis described
in Ref. [139]. In brief, the material was prepared by heating a stoichiometric mixture of
precursor oxide powders of WO3, V5,05, and V5,03 to 700 °C for 24 hours in a sealed vitreous

silica tube back-filled with a partial pressure of argon. After annealing, the tube was water
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quenched to room temperature to obtain (Wg2Vyg)3O7 microparticles.

The (W(2V5)307 nanoparticles were prepared by combining sol-gel synthesis with a
freeze-drying method. First, 200 mg of NH;VO3 and 105 mg of (NHy)10(HaW12042) were
added to 4 mL of distilled water and heated while stirring until the solids were fully dissolved.
The resulting yellow solution was added dropwise to liquid nitrogen. After the removal of
the remaining liquid nitrogen, the frozen solution was subjected to vacuum (<100 mTorr) on
a Schlenk line for 10 — 20 hours to remove water. The dried powder was calcined in a tube
furnace with flowing Ar with a heat ramp of 30 °C/min followed by a one hour hold at 700
°C. The furnace was then cooled down to room temperature. The synthesized nanoparticles

were stored under an inert atmosphere to prevent unwanted surface oxidation.

Finally, the (Wo2Vy3)3O7 particles, synthesized by solid-state or sol-gel synthesis with
freeze-drying methods, were characterized with FEI Apreo C scanning electron microscope

(SEM) with a voltage of 15 kV and a current of 0.8 nA.

5.1.2 Electrode and device fabrication

The same procedure was followed to fabricate working electrodes made of the (W 2Vg)307
powders synthesized by either solid-state or freeze-drying methods, as described previously.
First, the synthesized (Wo2Vg)307 powder was ball-milled using a vortex mixer (Genie,
Vortex-Genine) for 20 minutes in a 2 cm?® canister with SuperP (TIMCAL) and carbon
nanotubes (CNT). Then, the mixture was combined with polyvinylidene fluoride (PVDF)
dissolved in N-methyl-2-pyrrolidone (NMP) to form a slurry with a mass ratio 8:0.5:0.5:1
of (W2Vos)307:Super P:CNT:PVDEF. The slurry was thoroughly mixed using the vortex
mixer for 30 minutes before casting. A doctor blade set to 250 pum was used to cast the
slurry onto a copper foil current collector. The electrode was dried in a vacuum oven at
110 °C overnight. Then, electrodes were punched into a 10 mm diameter disc for coin cell

2 square shape with 4 cm

fabrication. For calorimetry, the electrode were cut into 1x1 cm
x 0.25 cm strip current collector, as described previously [109]. The mass loading of the

active material in electrodes made of (W 2Vg5)307 microparticles and nanoparticles was in
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the range of 6-7 mg/cm?

All coin cells were fabricated in an Ar-filled glove box using 2032 SS casings (MTT parts).
They consisted of (Wg2Vis)307 electrode with 1 M of LiPFg in EC:DMC 1:1 v/v (Sigma
Aldrich) as the electrolyte, polished metallic lithium (Sigma Aldrich) ribbon as the counter
electrode, and a 50 um thick Celgard C380 polypropylene/polyethylene separator. Cyclic
voltammetry, galvanostatic cycling, and potentiometric entropy measurements were per-
formed on the coin cells using a high accuracy potentiostat (Biologic, VSP-300) in the voltage
range of 1.0—-3.0 V.

5.1.3 Potentiometric entropy measurements

The open circuit voltage Uy, (x,T) and the entropic potential OU,.,(x,T)/OT of the coin
cells were measured as functions of lithium composition x using the potentiometric entropy
measurement technique and the apparatus previously described in Ref. [50]. In brief, the
measurements consisting of imposing a series of constant current pulses at a C-rate of C/10 at
20 °C. Each current pulse lasted for 30 minutes followed by a relaxation period of 90 minutes.
During the relaxation period, the temperature of the coin cell was varied from 15 °C to 25
°C in 5 °C increments using a thermoelectric cold plate (TE technology, CP-121) in contact
with the coin cell. The corresponding coin cell voltage evolution was recorded with a high
accuracy potentiostat (Biologic, VSP-300). The lithium composition x in Li,(Wy2Vos)307
can be estimated based on the charging/discharging time ¢ (in sec), i.e.,

It
S — 5.1
¥ 7 36000 Creo (5.1)
where M is the mass loading of the active material in the electrode and Cjj,, is the theo-
retical capacity of (W 2Vs)3O7 calculated as Cyeo=230 mAh/g based on one electron per

transition metal.

Moreover, U9 (z,T) and U9 (z,T) /0T were also measured using the same procedure
and the same relaxation time as that used for measuring U,e,(z,T), but with current pulses
corresponding to different C-rates. In addition, the duration of the current pulses changed

with C-rates such that, at C-rate of 1C, each current pulse lasted 3 minutes, while it lasted
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2 minutes at 2C, and 1 minute at 3C. Regardless of the C-rate, we verified that the coin cell
had reached thermodynamic equilibrium before imposing the next temperature step during
the relaxation period. To do so, we verified that (i) the temperature difference between the
cold plate and the top of the coin cell surface was less than 0.1 °C and (ii) the time rate of

change of the open circuit voltage OU,e,(x,T) /0t or QU9 (z,T) /Ot was less than 5 mV /h.

5.1.4 Operando isothermal calorimetry

The instantaneous heat generation rates at the (Wy2V(5)307 working electrode and at the
metallic lithium counter electrode were measured separately under galvanostatic cycling us-
ing a custom-made isothermal calorimeter described previously [109]. The calorimetric cell
consisting of (i) a 1 x 1 ecm? (W2 V(s)307-based electrode, (ii) two 50 pum thick Celgard
C380 polypropylene/polyethylene separator sheets, (iii) 1 M LiPFg in EC:DMC 1:1 v/v
(Sigma Aldrich) as the electrolyte, and (iv) polished metallic lithium (Sigma Aldrich) as the
counter electrode. Here, the mass loading of the active material in the electrode made of

2 and 6.9 mg/cm?, respec-

(Wo2Vo.5)307 microparticles and nanoparticles was 6.5 mg/cm
tively. As discussed in Ref. [109], the heat generation rate Q;(t) (in mW) at each electrode
was equal to the heat transfer rate ¢/ (t) measured at the 1x1 cm? thermoelectric heat flux
sensor (greenTEG, gSKIN-XP) placed in thermal contact with the back of each electrode,

ie., [109],

A;  withi =WVO or Li. (5.2)

Here, A; is the footprint area of the electrode (in cm?), AV; is the voltage difference measured
at each heat flux sensor, and S; is the sensitivity of the heat flux sensor (in pV/(W/cm?)).
The total instantaneous heat generation rate in the entire calorimetric cell can be expressed
as the sum of the heat generation rate measured at each electrode, i.e., QT(t) = QLi(t) +
Qwvo(t).

The instantaneous heat generation rate Q;(t) at electrode “” can be divided into an

irreversible Qirr,i(t) and a reversible Qrev,i(t) contribution, i.e.,

Qz(t) = Qirr,i(t) -+ Qrev,i(t) with i = WVO or Li. (53)
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Here, Qirm-(t) may vary with time as the electrical and /or ionic conductivities of the electrode
may change upon charging/discharging, for example [50]. However, Q,e,(t) averaged over
an entire cycle should yield zero due to its reversible nature. Therefore, the time-averaged

@
]

irreversible heat generation rate éimi(t) at electrode can be calculated according to,

. 1 .
Qomi = - 7{ O:i(t)dt  with i = WVO or Li (5.4)
cd Jcycle

where t.4 is the cycle period.

5.2 Results and discussion

5.2.1 Material and Electrochemical characterization

Figure 5.1 shows the SEM images of the two types of (W(2Vg)307 particles synthesized
in this study. Both types of particles featured a rod-like morphology consistent with earlier
observations [140]. Figure 5.1(a) indicates that the average particle size of (Wy2V(5)307
particles synthesized by solid-state method was around 1-2 gm. On the other hand, Figure
5.1(b) shows that the average length of the shorter side of the rod synthesized by freeze-

drying method was about 100 nm, and that of the longer side was about 1-2 pm.

Consistent with our previous work, Figures 5.2(a) and 5.2(b) show cyclic voltammograms
at scan rates v between 0.1 and 0.5 mV/s for a potential window between 1.0 and 3.0 V
vs. Li/LiT for electrodes made of (Wg2V(g)307 microparticles and nanoparticles, respec-
tively. Both (Wg2Vgs)307-based electrodes showed 4 redox peaks at similar potentials at
the relatively low scan rate v = 0.1 mV/s. As the scan rate increased, the redox peaks for
the electrode made of (W(2V5)307; microparticles shifted significantly compared to that
of nanoparticles and were not as sharp. This can be attributed to the fact that the redox

reactions were more kinetically-limited in the microparticles than in the nanoparticles.

The b-values associated with each cathodic and anodic peaks were obtained by fitting
the peak current I,..; vs. scan rate v with the power law I, = av® (see Appendix) [141].
Table 5.1 reports the potential and the associated b-value corresponding to each redox peak

for electrodes made of (W(2Vgg)307 microparticles and nanoparticles. For both types of
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(a) Microparticles

(b) Nanoparticles

Figure 5.1: Scanning electron microscope images of (a) (W2 Vo.s)3O7 microparticles synthe-
sized by solid-state method and (b) nanoparticles made by sol-gel synthesis combined with

freeze-drying method.

electrodes, all cathodic and anodic peaks featured a b-value close to 0.5, suggesting that
charging and discharging were limited by diffusion. As such, (W(2Vqs)307 behaved as
a traditional battery material [128]. Interestingly, the calculated b-values for the electrode
made of (W 2V5)307 nanoparticles were systemically larger, albeit only slightly, than those
of the electrode made of microparticles suggesting that redox reactions were slightly less

diffusion limited in nanoparticles than microparticles [128].

Figure 5.2(c) shows the galvanostatic charge-discharge potential profile at a C-rate of C/5
of coin cells containing electrodes composed of (W 2V( g)3O7 microparticles or nanoparticles

between 1.0 and 3.0 V vs. Li/Li*. The trends in the voltage curves of both coin cells were
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Figure 5.2: Cyclic voltammogram of the cell containing electrode made of (Wy2Vos)307
in the form of (a) microparticles synthesized by solid-state method and of (b) nanoparticles
from freeze-drying method cycled with potential window ranging from 1.0 to 3.0 V vs. Li/Lit
at different scan rates v, (c) galvanostatic charge-discharge potential profile at C-rate of C/5,
and (d) specific capacity retention of the cell cycled between 1.0 and 3.0 V vs. Li/Li" at
C-rates between C/5 and 10C.
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Table 5.1: Potential and b-values of redox peaks in the cyclic voltammetry curve for elec-

trodes made of (W(2V(5)307 microparticles and nanoparticles.

Microparticles Nanoparticles
Potential (V) b-value Potential (V) b-value
Oxidation 2.26 0.55 2.19 0.62
peaks 2.58 0.56 2.52 0.64
Reduction 2.08 0.57 2.01 0.63
peaks 2.46 0.52 2.47 0.58

similar during lithiation and delithiation. However, as observed in our previous work on
this system [139] the specific capacity of the cell with the electrode made of (W(2Vq5)307
nanoparticles was 280 mAh/g compared with 230 mAh/g for that made of microparticles.
Note also that, in both cases, the capacity was larger than the theoretical capacity calcu-
lated based on one electron per transition metal. These results demonstrate the ability of
(Wo2Vos)307 to engage in multielectron redox reactions, as confirmed previously by X-ray

photoelectron spectrosccopy (XPS) measurements [139].

Figure 5.2(d) shows the specific capacity as a function of cycle number for coin cells with
electrodes made of (Wg2Vgs)3O7 microparticles and nanoparticles at different C-rates be-
tween C/5 and 10C for the same potential window. Here also, the cell made with an electrode
consisting of (W(2Vgg)3O7 nanoparticles featured a larger capacity than that consisting of
(Wo2Vo.s)30O7 microparticles at any C-rate. Moreover, both electrodes showed impressive
fast-charging ability. In fact, at C-rate of 10C, both types of electrodes maintained about
50% of their specific capacity at C/5. In addition, after 20 cycles, they maintained their
specific capacity and showed reversibility. Overall, the electrochemical testing was consis-
tent with that reported in our previous study [139]. It is presented here for the sake of
completeness and confirm that the samples used in this work show the fast-charging abilities
and to demonstrate the superior performance of electrodes made of nanoparticles compared

to those made of microparticles.
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5.2.2 Uyw(z,T) and U, (x,T)/0T measurements

Figure 5.3 plots the open circuit voltage U,e,(x,T) and entropic potential OU,e,(z,T) /0T
measured at 20 °C as functions of x composition in Li,(W2Vs)307 at a C-rate of C/10
during lithiation [Figures 5.3(a,b)] and delithiation [Figures 5.3(c,d)] for coin cells with elec-
trodes consisting of (Wg Vg s)3O7 microparticles [Figures 5.3(a,c)] and nanoparticles [Figures
5.3(b,d)]. The trends of both U,e,(x,T) and OU,e, (2, T') /0T were very similar for both types
of electrodes and were almost identical during lithiation and delithiation. These results con-
firmed that the physicochemical phenomena occurring at the (Wy2V)3O7 electrodes were
reversible. However, the electrode made of (Wy2Vgs)3O7 nanoparticles was able to accom-
modate more lithium and featured a larger range of x composition compared to that with

microparticles, as also observed in Figure 5.2(c).

Three different regions corresponding to different physicochemical phenomena could be
identified in Figure 5.3. In Region I, U, (2, T) decreased monotonically indicating lithium
insertion in a homogeneous solid solution, as confirmed by in situ XRD measurements [139].
This regime was observed for x < 1.5 in coin cell with the electrode made of (W(2V5)307
microparticles and for z < 1.7 in that with the electrode made of nanoparticles. Here, in
Region I, OU,e (2, T) /0T increased first and then decreased with increasing x resulting in a
local maximum. This behavior could be attributed to the semiconductor to metal transition
occurring in (W2 Vgg)307 resulting in large change in the partial molar electronic entropy.
Assuming (W2 V5)307 as an ideal intercalation compound, the total entropy swvo(x,T) of

the (Wp2Vo5)307 can be expressed as the sum of individual contributions according to [142]

SWvo (Q?, T) = S;io/'T‘L/fO(xv T) + S%bVO (l’, T) + Selec(x’ T) (5’5>

where S0 (x,T), stib,o(x, T) and s8¢, (z, T) are the configurational, vibrational, and

electronic entropy of the (W 2Vg5)307 compound, respectively. Therefore, eq.5(2) can also

be expressed as

OUpev(,T) o 1 88%?}00(3:,71) 8S%bvo(x,T) 0516/11/616/O<x>T) o
aT e 9r T ar T on Su(T) |- (5-6)
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Figure 5.3: Open circuit voltage U, (z,T) and entropic potential OU,e,(x,T)/IT of the

cell containing electrodes made of (W 2Vs)307 (a,c) microparticles and (b,d) nanoparti-

cles during (a,b) lithiation and (c,d) delithiation as functions of lithium composition = in

Li,(Wp2Vos)307 at temperature T = 20 °C.
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be expressed as [83]
s (x, T) = —kp / [F(e)In[F(e)] + [1 — F(e)] In[1 — F(e)]] D““(e)de (5.7)

where F(€) is the Fermi-Dirac distribution and D%(¢) is the electronic density of states per
unit cell. The electronic entropy depends on the shape of the electronic density of states
De¢(¢) and the position of the Fermi level ep. The majority of Wadsley-Roth materials
begin as fully oxidized d° oxides. Lithiation of these materials effectively serves to dope the
material by reducing the transition metals and putting electrons into the d bands, lifting
the Fermi level. With sufficient lithiation, this is seen to manifest as an insulator to metal
transition in PNbgOags, supported with both experimental and computational results [55,
129]. Here, (W(2Vqs)307 is unique in that it does not begin fully oxidized and instead
contains a small amount of partially reduced V4*. However, the material is not metallic,
and can be characterized as a type of semiconductor. The electronic structure of unlithiated
(Wp2Vos)307 is analogous to that of low lithiation levels in PNbgOgs, with the charge
density localized on the central corner-connected octahedron [139]. In both cases, more
doping, or lithiation, is required to instigate a transition to a metallic state, with electron
delocalization along the edge-sharing features in both structures. Because of this localization,
sdec (z,T) was small initially at low 2 composition when the material is semiconductor due
to the small density of state at the Fermi level [89]. However, it increased sharply upon
lithiation as the material became a metal and exhibited large density of state at the Fermi
level. Therefore, the peak in OU,e,(z,T)/0T observed in Region I could be attributed to
elec

the change in partial molar electronic entropy 0s§;% o (z,7")/0x due to the semiconductor to

metal transition known to occur in this regime(see Appendix).

We next consider Region II. Here, both U,.,(z,T) and OU,e(x,T)/OT were approxi-
mately constant confirming a two-phase coexistence region observed previously in in situ
XRD measurements [139]. The range of 2 composition in this region ranges for 1.5 < x <
2.3 for the electrode composed of microparticles and 1.7 < x < 2.3 for that made of nanopar-
ticles. The shorter two-phase coexistence region for the electrode made of nanoparticles can

be attributed to the fact that nucleation of a first order phase transition is often inhibited
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in smaller particles, and many of these systems are observed to have suppressed phase tran-
sition [143-145]. Moreover, upon two-phase coexistence, lattice mismatch occurs within the
particle due to the different lattice parameters associated with two different phases. For a
small particle, the lattice mismatch accompanied with two-phase coexistence cannot be com-
pensated internally, thus inhibiting the two phase coexistence [146]. For example, LiFePO,
experiences large volume expansion during two-phase coexistence leading to notable lattice
mismatch within the particle. Therefore, LiFePO, particles with mean size less than 140
nm significantly shorten the two-phase coexistence region by avoiding substantial lattice

mismatch accompanied with two-phase coexistence within the particle [147].

Finally, in Region III, both Uy, (2, T) and OU,e, (2, T) /0T decreased monotonically indi-
cating lithium insertion in a homogeneous solid solution. This was consistent with observa-
tions from in situ XRD measurements [139]. Region III prevails for x > 2.3 for both types

of electrodes consisting of (W 2Vgs)3O7 microparticles or nanoparticles.

5.2.3 Operando isothermal calorimetry
5.2.3.1 Instantaneous heat generation rates

Figures 5.4(a)-4(c) show the instantaneous heat generation rates Qv o(t) measured at the
electrode made of (Wy2Vgs)307 microparticles and Q :(t) measured at the lithium metal
counter electrode and averaged over 5 consecutive cycles as functions of lithium composi-
tion z in Li,(Wo2Vos)307 at 20 °C and at C-rate of (a) 1C, (b) 2C, and (c¢) 3C, respec-
tively. Similarly, Figures 5.4(d)-4(f) plot Quvo(t) measured at the electrode consisting of
(Wo.2Vo.5)307 nanoparticles and Q i(t) at the lithium metal counter electrode averaged over
5 consecutive cycles as functions of & composition at C-rate of (d) 1C, (e) 2C, and (f) 3C,
respectively under the same conditions. The measurements at each electrode were repeat-
able over many cycles (see Appendix). In addition, the trend and magnitude of Quvo(t)
for both electrodes made of (W 2V(5)307 microparticles and nanoparticles were very simi-
lar. In both cases, Qwvo(t) was small at the beginning of discharging at low x composition

when (W 2V 8)307 particles were electrically conductive [139]. However, Qwvo(t) increased
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Figure 5.4: Measured instantaneous heat generation rates Qwvo(t) at the (Wo2Vos)307-
based electrodes and Q1;(t) at the lithium metal electrode averaged over 5 consecutive cycles
as functions of lithium composition z in Li,(Wg2Vg)3O07 with potential window ranging
from 1.0 V t0 3.0 V vs. Li/Lit at C-rates of (a,d) 1C, (b,e) 2C, and (c,f) 3C for (Wy2V5)307

(a,b,c) microparticles and (d,e,f) nanoparticles.
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rapidly due to the increase in charge transfer resistance with increasing x composition in
Li, (Wo2Vos)307 upon discharging (lithiation) [139]. In addition, Quwyvo(t) for electrode
composed of (Wg2Vys)307 nanoparticles and microparticles featured a small plateau-like
region upon discharging at C-rate of 1C and 2C. Interestingly, the x composition of the
plateau region in the Qwvo(t) was ranged between 0.5 and 1.2 corresponding to the end
of Region I where OU,,(x,T)/0T decreased with increasing z identified in Figure 5.3. As
previously discussed, OU,e, (z,T') /0T is directly related to the reversible heat generation rate
leq.5(5)]. In fact, decreasing OU,e,(x,T) /0T observed in this & composition could diminish
the reversible heat generation rate, thus resulting in a plateau in Qwvo(t). However, at
C-rates of 3C, this feature was not apparent possibly due to the fact that the irreversible
heat generation was much larger than the reversible heat generation and dominated the total

heat generation rate.

5.2.3.2 Time-averaged heat generation rates

Figure 5.5 shows the time-averaged irreversible heat generation rates CTQZ-TT’WVO and CTQW, Li
leq.5(13)] averaged over 5 consecutive cycles. The error bars represent two standard de-
viations or 95 % confidence interval. Fitting of éimu with respect to current I at the
metallic Li electrode yields CTQW, ri o< I?. In other words, the irreversible heat generation was
dominated by Joule heating since the resistance of the metallic Li electrode was constant.
Importantly, éirr,WVO in the electrode made of (W 2V g)307 microparticles became slightly
but systematically larger than that in the electrode made of nanoparticles at C-rates of 2C
and 3C, despite the fact that the applied current was larger for the nanoparticle based elec-
trode. This behavior could be attributed to the fact that an electrode with larger particles

generally features larger electrical resistivity thus increasing Joule heating [148].

The enthalpy of mixing also contributed to the irreversible heat generation and increased
with increasing particle size due to diffusion limitation, particularly at high C-rates [49,55].
Decreasing the particle size reduced the lithium concentration gradient formed within the

particles and thus reduced the irreversible heat of mixing [eq.5(6)] [51,53]. Here, ém,wvo at
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Figure 5.5: Time-averaged irreversible heat generation rates Qirr,WVO and Qm, Li, as func-
tions of applied current I based on the isothermal operando calorimetry measurements at

temperature 7" = 20 °C.

the (Wy2Vo.5)307-based electrodes made of microparticles and nanoparticles were similar at
C-rate of 1C. This observation could possibly be attributed to the fact that the contribution
of enthalpy of mixing to the irreversible heat generation rate is small at relatively low C-
rates. Furthermore, the mass loading of (Wy2V(s)307 nanoparticles was larger than that
of microparticles. Thus, the applied current was also larger for the electrode consisting of

nanoparticles.

5.2.3.3 Heat generation rate of a full cell

Figure 5.6 plots the total instantaneous heat generation rate given by Qr(z) = Qpi(x) +
Qwvo(x) in the entire cell containing electrode made of (Wy2Vg)307 in the form of (a,b)

microparticles and (c,d) nanoparticles as functions of lithium composition x at C-rate of 1C
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Figure 5.6: Measured total heat generation rate Qp(x)=QLi(z)+Qwvo(x) and predictions
of the heat generation rates Q(z) and Q(x)+Qyeo () calculated based on egs.5(4) and (5)
along with the measured voltage V' (x) upon (a,c) lithiation, (b,d) delithiation at C-rate of 1C
for a cell containing electrode consisting of (a,b) (Wy2Vqs)3O7 microparticles synthesized
by solid-state method and (c,d) (Wg2Vos)3O7 nanoparticles synthesized by freeze-drying
method at temperature T' = 20 °C.

during (a,c) lithiation and (b,d) delithiation, respectively. It also shows the contributions
from Joule heating Q,(x) and the reversible entropic heat generation Q,,(z) predicted by

eqs.5(4) and (5), respectively [47-50]. Here, Qye,(x) was exothermic during lithiation and
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endothermic during delithiation, as expected from the sign of U, (z,T') /0T shown in Figure
5.3. The predictions of Q;(z) + Qres(2) from the measured current and voltage agreed well
with the measured total heat generation rate Qr(z) for lithiation. The differences between
the predictions of Q;(z) + Qres(z) and the measured Qp(z) were larger during delithiation
than lithiation possibly due to relatively slow kinetics of delithiation compared to that of
lithiation, as observed in the apparent diffusion coefficient of Li* ions in the (W 2V(5)307

electrode (see Appendix).

To understand what happens when the cell is cycled faster, Figure 5.7 plots the total
instantaneous heat generation QT(x) in the entire cell containing electrode consisting of
(Wp2Vp5)307 in the form of (a,b) microparticles and (c,d) nanoparticles as functions of
lithium composition x at a C-rate of 3C during (a,c) lithiation and (b,d) delithiation, re-
spectively. Again, at 3C the difference between the predictions of Q;(z) + Qrev() and the
measured QT(x) was larger during delithiation than lithiation at C-rate of 3C. Moreover,
the differences between the predictions of Q;(z) + Qreo(x) and the measurements of Qr(x)
was larger at a C-rate of 3C than at 1C (Figure 5.6). This can be attributed to the enthalpy
of mixing Q iz, according to eq.5(3). The heat generation rate Qmm(x) should increase with
increasing C-rates due to an increase in the lithium concentration gradients developed within

the electrode due to diffusion limitations [51,53].

5.2.3.4 Energy balance

Figure 5.8 presents the electrical energy losses per unit of specific capacity AE,/C,, [eq.5(9)]
at C-rates of 1C, 2C, and 3C along with the predicted Joule heating @ [eq.5(8)] and the
total thermal energy Q) per specific capacity C), dissipated in the entire cell measured
experimentally for electrodes made of (a) (Wq2Vo.s)307 microparticles and (b) nanoparticles,
respectively. It is worth noting that the cell specific capacity was larger with the electrodes
made of (W(2Vis)3O7 nanoparticles than that made of microparticles. Indeed, specific
capacity C,, was measured to be 155 mAh/g at C-rate of 1C, 140 mAh/g at 2C, and 130
mAh/g at 3C for the electrodes made of microparticles and 200 mAh/g at C-rate of 1C, 175
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Figure 5.7: Measured total heat generation rate Q7 (x)=QLi(z)+Qwvo(x) and predictions

of the heat generation rates Q(z) and Q(x)+Qyeo () calculated based on egs.5(4) and (5)

along with the measured voltage V' (x) upon (a,c) lithiation, (b,d) delithiation at C-rate of 3C

for a cell containing electrode consisting of (a,b) (Wy2Vqs)3O7 microparticles synthesized

by solid-state method and (c,d) (Wg2Vos)3O7 nanoparticles synthesized by freeze-drying

method at temperature T' = 20 °C.

mAh/g at 2C, and 160 mAh/g at 3C for the electrodes made of nanoparticles. In both cells,

AFE,/C,, increased with increasing C-rate due to the associated increase in the overpotential

[V (z,T) — U™9(x,T)] [122,123]. Moreover, the specific electrical energy losses AE,/C,,
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predicted contributions from Joule heating @ ;/C,, during lithiation and delithiation for a
cell made of an electrode consisting of (W(2Vgs)307 (a) microparticles synthesized by solid-
state method and (b) nanoparticles synthesized by freeze-drying method. The enthalpy of
mixing corresponds to Qumiz/Cm = Qr/Cr — Q/Cr = AE./Cyy — Q 5/ Ch.
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due to the hysteretic voltage profile was within 5 % of the independently measured total
specific thermal energy, Qr/C,, dissipated over a cycle. In other words, the electrical energy
losses were dissipated entirely in the form of heat so that AFE,/C,, = Qr/C,,. Furthermore,
dissipated energy per unit of specific capacity was smaller for a cell with electrode consisting
of (Wp2Vis)307 nanoparticles than that of microparticles suggesting that the electrode
made of nanoparticles was energetically more efficient and lost less electrical energy per

energy stored.

When averaged over a cycle Qe /Cy, =~ 0; this means that the difference between Q7 /C,,
and @Q;/C,, corresponded to the heat dissipated in the form of enthalpy of mixing, i.e.,
Qmiz/Cm = Qr/Cp - Q;/Cyy. In both cells, the contribution of the enthalpy of mixing to the
total energy dissipated increased with increasing C-rate. For a cell with electrode consisting
of (Wo.2V8)307 microparticles, Qiz/Cr, reached 19 % at C-rate of 3C compared with 13
% for an electrode made of (Wy2V(s)307 nanoparticles. These calorimetry measurements
thus demonstrated that using nanoparticles instead of microparticles make it kinetically
more favorable for lithium-ions to intercalate, and results in smaller enthalpy of mixing and
overall heat dissipation. These two systems show nearly identical behavior in almost all other
respects, making this an ideal system for isolating the effects of particle size on enthalpy of

mixing and heat dissipation.

5.3 Conclusion

This study investigated the effect of particle size of Wadsley-Roth compound (Wy2Vg)307
on the thermodynamic properties and heat generation of battery cells. Galvanostatic cy-
cling confirmed that the electrode made of (W 2V .5)307 nanoparticles synthesized by sol-gel
method combined with freeze-drying featured larger capacity and better capacity retention
at high C-rates than that made of the (W 3V g)307 microparticles synthesized by solid-state
method. Entropic potential measurements confirmed the phase transition identified previ-
ously from in situ XRD measurements and identified the semiconductor to metal transition

occurring at low lithium composition [139]. Furthermore, entropic potential measurements
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showed that the (W(2V(5)307 nanoparticle underwent a two-phase coexistence region over
a narrower range of x compositions possibly due to inhibition of the phase transition caused
by their nanoscale size. Isothermal operando calorimetry measurements demonstrated that
the heat generation rate increased at the (Wy2V(5)307-based electrode upon lithiation due
to an increase in charge transfer resistance. Moreover, the time-averaged irreversible heat
generation rate and the enthalpy of mixing were smaller at the electrode made of nanoparti-
cles than at that made of the microparticles particularly at high C-rates. Finally, dissipated
electrical energy per unit of specific capacity was smaller for a cell with electrodes made of
(W0.2V5)307 nanoparticles than that made of microparticles due to reduced concentration
gradients and thus reduced enthalpy of mixing. These results demonstrate that using elec-
trodes consisting of nanoparticles is energetically more efficient thanks to more kinetically

favorable lithium ion intercalation.
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CHAPTER 6

Conclusions and future work

6.1 Conclusions

The objectives of this study were (i) to develop an interpretative guide of the open circuit
voltage U,., and the entropic potential OU,.,(x,T)/0T measurements for different charg-
ing/discharging mechanisms, (ii) to investigate the thermal signatures associated with elec-
trochemical and transport phenomena occurring in LIBs during cycling, and (iii) to investi-

gate the effect of particle size of active on the heat generation in LIB systems.

A general interpretative guide of the open circuit voltage U,,., and the entropic potential
OUpep(2,T) /0T measurements was developed by numerically calculating different contribu-
tions from configurational, vibrational, and electronic excitations to the entropy of an ideal
intercalation compound. The analysis suggests that general trends of OU,e,(z,T)/0T of
a homogeneous solid solution are dominated by configurational entropy, which leads to a
monotonically decreasing Upe,(z,T) and OU,e (2, T) /0T with increasing lithium composi-
tion x. Ion ordering over a subset of energetically favorable interstitial sites is characterized
by a tilde-shaped fluctuation in OU,e,(z,T)/OT versus x. Furthermore, a first order phase
transition accompanied by two-phase coexistence manifests itself as a constant U,e,(z,T')
and OU,q,(z,T)/0T. Finally, a two-phase coexistence with a stable intermediate phase leads
to a monotonically decreasing U,.,(z,T) curve upon lithiation that is characterized by two
plateaus separated by a step. The U, (z,T)/OT curve for this scenario also exhibits two
plateaus. However, depending on the entropy of the intermediate phase, the second plateau
can either be higher or lower than the first plateau. These interpretations were systematically

illustrated using experimental data for various electrode materials, such as TiSy, LiCoOs,
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Li4/3Ti5/304, LiFePO4, and graphite.

Thermal signatures associated with electrochemical and transport phenomena occurring
in LIB systems were investigated by performing potentiometric entropy measurement on
LIB systems and measuring separately the instantaneous heat generation rate at each elec-
trode. Here, LIB system consisting of electrodes made of Wadsley-Roth shear phase com-
pounds TiNbyO; and PNbgOs5 were investigated. Potentiometric entropy measurements
not only confirmed the phase transitions identified from XRD measurements but also iden-
tified intralayer lithium ion ordering occurring in TiNbyO7; and PNbgOs5 which could not
be identified from other characterization methods. Furthermore, entropy measurements
also confirmed the semiconductor to metal transition taking place at PNbgOss upon lithi-
ation. The heat generation rate due to Joule heating varied widely during lithiation and
delithiation and dominated the energy losses during cycling. In addition, the time-averaged
irreversible heat generation rate indicated that the electrical resistance of the lithium metal
electrode was constant and independent of the state of charge while the electrical resis-
tance of the PNbgOo5 changed significantly with the state of charge. These results illustrate
that calorimetric measurements can provide insight into changes in the electrical conductiv-
ity of batteries for different SOC upon cycling. Moreover, calorimetry measurements have
demonstrated that the electrical energy losses were dissipated entirely in the form of heat.
Furthermore, the enthalpy of mixing increased with increasing C-rate. However, the en-
thalpy of mixing remained relatively small even at high C-rates for both electrodes made of
TiNbyO7; and PNbgOs; compared to other LIB electrode materials. These results establish
that both TiNbyO; and PNbgOs5 constitute an excellent anode material for fast charging

battery applications.

Moreover, the effect of particle size on the electrochemical performance and heat gen-
eration in LIB systems were investigated using two LIBs consisting of electrodes made of
another Wadsley-Roth shear phase compound namely (W(2V(5)307 in the form of either
nanoparticles synthesized by sol-gel method combined with freeze-drying or (Wg2Vgs)307
macroparticles synthesized by solid-state method. Galvanostatic cycling confirmed that the

electrode made of (W(2V5)307 nanoparticles featured larger capacity and better retention
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at high C-rates than that made of (W2 V5)307 microparticles. Entropic potential measure-
ments confirmed the phase transition observed previously from in situ XRD measurements
and identified a semiconductor to metal transition occurring at low lithium composition.
Furthermore, entropic potential measurements showed that the (W 2Vgg)307 nanoparticles
underwent a two-phase coexistence region over a narrower range of x compositions possi-
bly due to inhibition of the phase transition caused by their nanoscale size. Isothermal
operando calorimetry measurements demonstrated that the heat generation rate increased
at the (Wg2Vgs)307-based electrode upon lithiation due to an increase in charge transfer
resistance. Moreover, the time-averaged irreversible heat generation rate and the enthalpy
of mixing were smaller at the electrode made of nanoparticles than at that made of the
macroparticles particularly at high C-rates. Finally, dissipated electrical energy per unit of
specific capacity was smaller for a cell with electrodes made of (W 2V(5)307 nanoparticles
than that made of microparticles. These results demonstrate that using electrodes consisting
of manoparticles is energetically more efficient thanks to more kinetically favorable lithium

ion intercalation.

6.2 Future work

Entropic characterization of chalcogenides

Most of the Wadsley-Roth shear phase compounds are transition metal containing oxides.
These oxides cannot be used for cathode in LIBs since they can undergo irreversible O,
evolution upon oxidation at high voltage [149,150]. To address the challenges associated with
oxides, chalcogenides, such as LisFeS,, LisFeSSe, and LisFeSey, have been developed as new
cathode materials for LIBs by Prof See’s group at CalTech. Even though these chalcogenides
are isostructural with each other, the charging/discharging curves are not identical indicating
that different charging/discharging mechanisms occur for different chalcogenides. Thus,
potentiometric entropy measurements of the chalcogenides can offer more insight into not

only the effect of different chalcogens on selected chalcogenides, but also of the different
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physicochemical phenomena occurring upon intercalation/deintercalation of lithium ions into

the host material.

Table 6.1: Mass loading of LisFeS,, LisFeSSe, and LisFeSey used in the working electrode.

Chalcogenides Mass loading (mg)
Li,FeS, 10.2
Li,FeSSe 14.16
Li,FeSe, 12.66

Potentiometric entropy measurements were performed on the cells consisting of working
electrodes made of chalcogenides and the lithium metal counter electrode in 1 M of LiPFg
in EC:PC:DMC 1:1:3. Here, the working electrode had mass ratio 6:2:2 of active material:
conductive carbon: polytetrafluoroethylene (PTFE) binder. Table 6.1 reports the mass

loading of the active material used in the working electrode.

Figure 6.1 presents the open circuit voltage Uy, (x,T) of the cell containing electrodes
made LioFeSy, Li;FeSSe, and LisFeSe; during the first (a) charging and (b) discharging
steps at temperature T = 20 °C. Here, the chalcogenides were charged by delithiation and
discharged by lithiation. It is interesting to note that all three chalcogenides shared two
distinct regions in Uy, (2, T') during charging namely a sloping region with multiple inflections
followed by a long plateau. Previous Fe, S, and Se K-edge X-ray absorption spectroscopy
indicated that the sloping region corresponded to Fe?*/3* redox and the long plateau was
related to the redox of chalcogens such as S>7/S3~ or Se?~/Sei [151,152]. In addition,
the voltage plateau at high states of charge consistently shifted to lower voltages as the Se
content increased. In fact, the electron orbital of selenides is higher than that of sulfides
resulting in anionic electronic states at higher energy, which are then oxidized at a lower
voltage [152]. Likewise, the voltage plateau in U, (z,T) during discharging also shifted
down as the Se content increased. This shift may be derived from the increased metallic

character of the materials, as would be expected for a selenide over a sulfide due to the less
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Figure 6.1: Open circuit voltage U,e,(z,T) of cells containing electrodes made of LisFeS,,

LisFeSSe, and LisFeSe, during (a) charging (delithiation) as functions of state of charge and

(b) discharging (lithiation) as functions of state of discharge at temperature T = 20 °C.

localized bands and greater orbital overlap [152]. The systematic shift of the voltage plateau

in Uye, (2, T) measurements indicated that anion redox can be directly manipulated through

anion substitution.
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Figure 6.2: Entropic potential U, (x,T) /0T of the cells with electrodes made of LisFeS,,

LisFeSSe, and LisFeSe, during (a) charging (delithiation) as functions of state of charge and

(b) discharging (lithiation) as functions of state of discharge at temperature T = 20 °C.

Furthermore, Figure 6.2 plots the entropic potential OU,,(x,T) /0T of the cell contain-

ing electrodes made of LisFeSs, LisFeSSe, and LiFeSes during the first (a) charging and (b)
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discharging steps at temperature T = 20 °C. Interestingly, the magnitude of OU,,(z,T)/0T
also shifted down as the Se content increased during both charging and discharging. These
shifts in OU,e, (2, T)/OT could be attributed to the difference in configurational entropy. Pre-
vious XRD measurements indicated that the sulfides underwent more significant structural
change compared to selenides [152]. Therefore, sulfides would exhibit larger configurational
entropy resulting in larger OU,e,(z,T)/0T compared to selenides. Moreover, there are dis-
tinctive fluctuations in OU,,(x,T)/OT during charging but not during discharging. This
observation could be attributed to the fact that these chalcogenides undergo apparent crys-
tallographic structure changes upon charging but undergo an amorphous phase change upon
discharging [152]. However, exact crystallographic structures are not investigated to fully
analyze the OU,.,(x,T) /0T measurements. Thus, further high-resolution synchrotron X-ray
measurements and Raman spectroscopy would be beneficial to further analyze the entropic

potential measurements.

Entropic characterization of conversion materials

While chalcogendies such as LisFeSs, undergo intercalation/deintercalation upon charging/
discharging, iron disulfide FeS, undergoes conversion reaction upon charging/discharging.
Conversion materials represent a viable route to improve specific capacity of LIBS, but their
products and reaction pathway were unclear. Furthermore, recent study demonstrated that
the products and reaction pathway of FeS,; depends on the temperature [153]. Thus, perform-
ing potentiometric entropy measurements of such materials can deepen our understanding
of conversion materials and observe the effect of temperature in the entropic potential mea-

surements.

Potentiometric entropy measurements were performed on the cell consisted of working
electode made of FeSy and lithium metal counter electrode in 1 M of lithium bis(fluorosulfonyl)imide
(LiFSI) in 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR;,TFSI)
electrolyte. Here, the working electrode had mass ratio 8:1:1 of active material: conductive

carbon: polyvinylidene fluoride (PVDF') binder. The mass loadings of active material were
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Figure 6.3: Open circuit voltage U,e,(z,T) and entropic potential OU,e,(z, T')/OT of the cell
containing electrodes made of FeSy during (a,b) lithiation and (c,d) delithiation as functions

of lithium composition z in Li, FeS, at temperature (a,c) 7' = 20 °C and (b,d) T' = 65 °C.

1.03 mg for the electrode cycled at temperature 7" = 20 °C and 1.21 mg for 7" = 65 °C.

Figure 6.3 presents U,e,(x,T) and OU,e,(x, T)/OT of the cell containing electrodes made
of FeSy during (a,b) lithiation and (c,d) delithiation as functions of lithium composition z in
Li,FeSy at temperature (a,c) 7= 20 °C and (b,d) T" = 65 °C. First of all, only one plateau
was observed in U, (z,T) at T = 20 °C (Figure 6.3a), while two distinctive plateaus of
Uper(x,T') were observed at T = 65 °C during lithiation (Figure 6.3b). This behavior could
be attributed to the fact that FeSs; undergoes either a one-step or a two-step reaction upon
lithiation depending on the temperature [154,155]. At room temperature, FeSs undergoes a

one-step reaction upon lithiation, i.e. [154],
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On the other hand, at higher temperatures, FeS,; undergoes a two-step reaction during

lithiation, such that [154, 155]
FeSy +2Li — LisS + FeS (at 1.9 V) and FeS+2Li — LiyS+ Fe (at 1.7V).  (6.2)

Moreover, OU,e,(x,T)/0T was relatively constant upon lithiation at 7" = 20 °C, while
OUperp(,T) /0T featured a peak around z = 2 upon lithiation at T = 65 °C. This peak

could be due to the formation of FeS resulting from a two-step reaction.

Unlike lithiation, behaviors of both Uy, (2, T') and OU,e,(x,T)/OT curves were similar at
two different temperatures indicating that FeSs underwent the same reaction. In fact, FeSy
undergoes the following two-step reaction upon delithiation, regardless of the temperature
[154]

LisS + Fe — FeS 4+ 2Li (at 1.7 V) and LisS — 2Li+ S (at 2.3 V). (6.3)

In addition, a local maxima in QU,,(x,T)/JT curve was observed around x = 2 at T' = 20
°C. This peak could be attributed to the fact that FeSs loses its sulfur much more abruptly

at lower temperatures that at higher temperature resulting in larger entropic change [153].

Effect of binders on the heat generation

In the process of fabricating electrodes, binders are used to hold the active materials together,
and often it takes about 10 % of the total mass of the electrode. Previous study showed that
dihexyl-substituted poly(3,4-propylenedioxythiophene) (PProDOT-Hxs), conductive poly-
mer binder, exhibited excellent performance as a cathode binder for LiNiggCog.15Alp.0502
(NCA) [156]. Furthermore, hexyl (Hex) oligoether (OE) PProDOTs (Hex:OE), copolymers
based on PProDOT-Hxy where the hexyl side chains are replaced to varying extents with
oligoether side chains can further enhance the ionic conductivity [157]. Here, operando
isothermal calorimetric measurements were performed on cells consisting of working elec-
trodes made of NCA with PVDF, PProDOT-Hx,, and Hex:OE binders and the lithium
metal counter electrode in 1 M of LiPFg in EC:DMC 1:1 v/v. The working electrodes had
mass ratio 90:3:3:4 of NCA: super P: carbon nano tube (CNT): binder. Table 6.2 summarizes
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the mass loadings of active material in each working electrode.

Table 6.2: Mass loading of LiNiggCog.15Alp0502 (NCA) used in the working electrode with

different binders for calorimetry measurements.

Binder Mass loading of NCA (mg)

PVDF 134

Hex:OE 141
PProDOT-HX, 10.2

Figures 6.4 (a,b,c) plot the open circuit voltage U,e, (2, T') and entropic potential OU,e, (2, T) /0T
of the cells containing electrodes made of NCA with (a) PVDF, (b) Hex:OE, and (c)
PProDOT-Hxs measured at 20 °C as functions of specific capacity at C-rate of C/10 during
the first delithiation. First of all, the NCA electrode with Hex:OE was able to accommo-
date more lithium than other electrodes and featured the largest specific capacity while that
with PVDF exhibited the lowest specific capacity. In fact, the electronic conductivity of
both PProDOT-Hx, and Hex:OE are orders of magnitude larger than that of PVDF thus
enhancing the electrochemical performance of the electrode [156-158]. Furthermore, the
trends of both U, (x,T) and OU,u,(z,T)/OT were very similar for different types of elec-
trodes and increased monotonically with increasing specific capacity indicating deintercala-
tion in solid solution. However, there were discrepancies in OU,e,(x,T) /0T for Uue,(x,T')
< 3.5 V vs. Li/Lit [Figure 6.4(d)]. This behavior could be attributed to the fact that
Hex:OE and PProDOT-Hx, are redox active in that potential range while PVDF is not
redox active [156,157]. Thus, the redox reaction occurring at the binder could facilitate

deintercalation in faster and more ordered manner resulting in smaller OU,,(z,T")/0T.

Moreover, Figures 6.5 (a,b,c) plot the open circuit voltage U,e,(x,T) and entropic po-
tential OU,e (2, T)/0T of the cells containing electrodes made of NCA with (a) PVDF, (b)
Hex:OE, and (¢) PProDOT-Hx, measured at 20 °C as functions of specific capacity at C-
rate of C/10 during the first lithiation. Again, the NCA electrode with PVDF featured the
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Figure 6.4: Open circuit voltage U,e,(x,T) and entropic potential OU,q, (2, T')/OT of the cell
containing electrodes made of NCA with (a) PVDF, (b) Hex:OE, and (¢) PProDOT-Hxy;
(d) entropic potential OU,e,(z,T)/OT of all three cells as functions of open circuit voltage

Uper(x, T) during delithiation as functions of specific capacity at temperature 7' = 20 °C.

lowest specific capacity confirming that the lower electronic conductivity diminished the elec-
trochemical performance of the electrode. Figure 6.5(d) presents that OU,e,(x,T") /0T for all
three NCA electrodes with different binders were identical unlike the first delithiation [Figure
6.4(d)]. Therefore, this results confirm that the discrepancies in OU,e, (x,T") /0T for Upey (2, T)
during the first delithiation could be attributed to initial specific capacity loss from trapped

lithium ions and/or activating the conductive binder through redox reaction [156,157].

Figure 6.6 shows the instantaneous heat generation rates Q y¢ 4(t) measured at the elec-

trode made of NCA with (a,b) PVDF, (c,d) Hex:OE, and (e,f) PProDOT-Hx,. and Q;(t)
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Figure 6.5: Open circuit voltage Uy, (z,T") and entropic potential QU (x,T") /0T of the cell
containing electrodes made of NCA with (a) PVDF, (b) Hex:OE, and (¢) PProDOT-Hxy;
(d) entropic potential OU,e,(z,T)/0T of all three cells as functions of open circuit voltage

Uper(x, T) during lithiation as functions of specific capacity at temperature T'= 20 °C.

measured at the lithium metal counter electrode and averaged over 5 consecutive cycles as
functions of dimensionless time ¢.4 at 20 °C and at C-rate of (a,c,e) 1C and (b,d,f) 3C. Here,
teq is the cycling period starting with charging (delithiation) followed by dicharging (lithia-
tion). First of all, the magnitude of Qne 4(t) at the NCA electrode with PProDOT-Hx, was
smaller than those at the NCA electrodes with PVDF and Hex:OE due to the smaller mass
loading compared to those of other electrodes (Table 6.2). Moreover, the trend of Qyea(t)
for all three electrodes were very similar. However, Qnyca(t) at the NCA electrode with
PVDF was large and featured a sharp drop at the beginning of the charging process while
Q ~noa(t) at the NCA electrode with Hex:OE and PProDOT-Hx, were relatively small and
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Figure 6.6: Measured instantaneous heat generation rates Quca(t) at the NCA electrodes

and Qr;(t) at the lithium metal electrode averaged over 5 consecutive cycles as functions

of dimensionless time t.; with potential window ranging from 2.7 V to 4.2 V vs. Li/Lit
at C-rates of (a,c,e) 1C and (b,d,f) 3C for NCA with (a,b) PVDF, (c,d) Hex:OE, and (e,f)
PProDOT-Hxs.
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flat. This behavior could be attributed to the fact that Hex:OE and PProDOT-Hx, feature

relatively high electronic conductivity thus reducing the Joule heating [156,157].
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Figure 6.7: Time-averaged irreversible heat generation rates Qim Nca and Qim Li, as func-
tions of applied current I based on the isothermal operando calorimetry measurements at

temperature 7" = 20 °C.

Figure 6.7 shows the time-averaged irreversible heat generation rates éim Nea and ém, Li
averaged over 5 consecutive cycles. The error bars represent two standard deviations or 95
% confidence interval. Fitting of QTW, i With respect to current I at the metallic Li electrode
yields C}im ri o< I2. In other words, the irreversible heat generation was dominated by Joule
heating since the resistance of the metallic Li electrode was constant. By contrast, CTQW, NCA
increased linearly with respect to the applied current I for all three different binders. This
could be due, in part, to the fact that the electrical resistivity of NCA changes upon lithium
intercalation/deintercalation. Moreover, as the C-rate increased, the capacity of the cells

containing electrodes consisting of NCA with different binders decreased indicating that
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the amount of lithium intercalating/deintercalating also decreased. Thus, at a high C-rate,
the material underwent a narrower change in composition so that the average electrical
resistivity also varied with C-rate. Furthermore, there was no significant difference between
ém, ~ca in the electrode consisting of NCA with PProDOT-Hxy and NCA with Hex:OE. In
fact, the electrical conductivity of PProDOT-Hxy and Hex:OE are almost the same [157].
However, CTQZ-MNCA in the electrode consisting of NCA with PVDF was larger than those
in the electrodes consisting of NCA with PProDOT-Hx, and NCA with Hex:OE at any C-
rate. This behavior could be attributed to the fact that both PProDOT-Hxy and Hex:OE
are conductive binders that enhanced the electrical conductivity of the electrodes [156,157].
These results indicate that using electrodes consisting of conductive binders is energetically

more efficient and results in less Joule heating.

Figure 6.8 plots the net electrical energy loss AE, and the total thermal energy dissipated
Q7 over a charging/discharging cycle for calorimetric cells with NCA electrodes with (a)
PVDF, (b) Hex:OE, and (c) PProDOT-Hx; as functions of C-rate. First of all, Q7 measured
for the calorimetric cell with the NCA electrode with PProDOT-Hxs was smaller than those
at the NCA electrodes with PVDF and Hex:OE for any given C-rate due to the smaller mass
loading compared to those of other electrodes (Table 6.2). For the cell with PVDF, the total
thermal energy ()7 increased first then decreased for C-rate > 2C while those for the cells
with Hex:OE and PProDOT-Hxs increased with C-rate. This behavior could be attributed
to the fact that cycle period t.; decreased more significantly with increasing C-rate for the
cell consisting of NCA electrode with PVDF compared to those consisting of NCA electrodes
with Hex:OE and PProDOT-Hx,. Finally, for both cells at any C-rate, the total dissipated
thermal energy Q7 measured by operando isothermal calorimeter fell within 10 % of the net
electrical energy loss AFE, measured by the potentiostat. In other words, the net electrical

energy loss was entirely dissipated in the form of heat.
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Figure 6.8: Net electrical energy loss AE, and total thermal energy dissipated QQr over a
charging/discharging cycle for calorimetric cells with NCA electrodes with (a) PVDF, (b)
Hex:OE, and (c¢) PProDOT-Hx, as functions of C-rate.
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APPENDIX A

Supplementary materials for Chapter 2

A.1 Experimental procedures
A.1.1 Coincell fabrication

Three separate slurries were prepared for each active material using an 80:10:10 (wt%) ratio
of active material [TiS, (Sigma Aldrich), LiCoOs (Sigma Aldrich), graphite (Sigma Aldrich)],
conductive carbon (TIMCAL SuperP), and polyvinylidene fluoride (Sigma Aldrich). First,
each active material was ball-milled for 30 minutes in a 2 cm?® canister with SuperP. The
mixtures were added to PVDF dissolved in 1-methyl-2-pyrrolidinone (Sigma Aldrich) to form
a slurry and were mixed in a FlackTek speed mixer at 2000 rpm for 30 minutes. The prepared
TiSs and graphite slurries were cast onto a copper foil while LiCoO, slurry was cast onto an
aluminum foil using a doctor blade set for 150 ym. Then, the film was dried overnight at
110 °C in a vacuum oven. The fabricated electrodes were then punched into 10 mm diameter
discs and assembled into a coin cell configuration (MTI parts, 2032 SS casings) with 1 M of
LiPFg in EC:DMC 1:1 v/v (Sigma Aldrich) as electrolyte and polished lithium metal (Sigma
Aldrich) as the counter electrode with a 50 pum thick polypropylene/polyethylene separator
(Celgard C380).

A.1.2 Potentiometric entropy measurements

The potentiometric entropy measurements consisted of imposing a series of constant current
pulses at a C-rate of C/10 for 30 minutes at 20 °C each followed by a relaxation period
lasting 4 hours for TiS; and LiCoOs, and 1 hour for graphite. During the relaxation, a
step-like temperature profile was applied to the coin cell from 15 °C to 25 °C in 5 °C
increments. The resulting voltage profile was recorded with the potentiostat (Biologic, VSP-
300). Before recording the open circuit voltage Uy, (x, T') and imposing the next temperature

step, we verified that the cell was in thermodynamic equilibrium by making sure that (i)
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the temperature difference between the cold plate and the top of the coin cell was less than
0.1 °C and (ii) the time rate of change of the open circuit voltage OU,, /Ot was less than 5
mV /h.

A.2 Vibrational entropy derivation

For an ideal intercalation compound MA, the lithium composition x is defined as the fraction

of the number of intercalated lithium Ny; per number of host MA units Nya, i.e.,

Ny
Nua

(6.4)

xr =

Assuming the vibrational spectrum of the Li ions can be approximated by the Einstein
model with a characteristic frequency wy; independent of the overall lithium composition
and volume of the host, each Li contributes a vibrational energy according to fuvp;(n, + n,
+n, + 3/2) where n,, n,, and n, are quantum numbers, i.e., n,, n,, and n, =0, 1, 2, - --
Thus, the total energy of the Li,MA compound can be expressed as
N,
Evi,ma = Eva + Npepi + Z hwr (nf,; +ni +nl + g) (6.5)
i=1
where Fypa is the energy of the host MA in the absence of Li and €y; is the energy of taking
a Li from metallic Li to a vacant site in MA. For a canonical ensemble that is classical and

discrete, the partition function can be written as
Z=> e (6.6)
5

where ¢ is the index of configurational and vibrational microstates of the system, 3 is 1/k,T,
and Fjs is the total energy of the system in the respective microstate. Thus, at fixed lithium

composition z, the partition function of Li,MA can be written as

Nya! _
Z i _ﬂNLIELl BhUJLl z 1 hOJLl(TL +n +n +2)
LA = N ] PDIEED i Z

nl=0nl=0 nt=0 Lo

(6.7)
Here, the factorial coefficient term represents the number of the configuration while the

summation term accounts all vibrational microstates for each configuration. Furthermore,
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Eq.(4) can be mathematically simplified as

N sl — Bhwy,; 3Ny
! ez
Ziigva = Ma e PN | . 6.8
b Nii! (Nma — Ni)! 1 o5 (©.8)

Finally, the molar Helmholtz free energy fr; ma of Li,MA can be expressed in terms of

partition function, i.e.,

FLi MA —I{JBTZTLZ
s = DLiMA 6.9
Juioma Nua Nua (6.9)

Combining Eqgs.(5) and (6) results

—Bhwp;
/{ZbT NMA' NLiGLi SNLi]{ZbT e 2
MA = ———In + - In — 6.10
Juiama Nuva  Nuil(Nva — Ni)! o Nua Nyia | _ L (6.10)

Based on the Stirling’s approximation, Eq.(7) can be simplified as

hwr
frioma = kpyT[zinz 4+ (1 — x)ln(1l — x)] + eLiz + 3 [ C;L

+ kpTIn (1 — e_h‘*’Li/kBT)] z (6.11)

Here, the last term represents the vibrational free energy imposing the approximations of

ideality in the evaluation of the vibrational partition function.
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A.3 Density functional theory calculation for lithium metal counter electrode

Density functional theory (DFT) calculations were performed with the Vienna ab initio
simulation package (VASP) [159-162] using the generalized gradient approximation (GGA)
as formulated by Perdew, Burke, and Ernzerhoff (PBE) [163]. The projector augmented
wave (PAW) [164, 165] method was utilized with a plane-wave energy cutoff of 650 eV. A
fully automatic k-point mesh setting that corresponded to a 21 x 21 x 21 Monkhorst—Pack

grid was used.

Density of States, D¢ (¢) (States/eV/f.u)

Energies, ¢ (eV)

Figure A9: Calculated electronic density of states of body centered cubic (BCC) lithium

metal as a function of energy based on density functional theory (DFT) calculations.
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A.4 Electronic entropy of constant electronic density of state
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Figure A10: (a) Constant electronic density of state Dfi54(€) of Li,MA as functions of
electric energy €. (b) Electronic entropy sfi4a(x,T) of Li,MA, and (c) electronic entropic
potential QU (z, T') /OT of a battery cell for constant electronic density of state as functions

ocv

of lithium composition x.
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A.5 Free energy calculation for ion ordering from a homogeneous solid solution
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Figure A11: The Gibbs free energy gr;,ma (2, T') of Li,MA as functions of lithium composition

x and sublattice concentration z; for (a) 6 = €;/ea=1, (b) =20, (c) =50, and (d) 6=100.
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APPENDIX B

Supplementary materials for Chapter 3

B.6 Synthesized materials

Conventional Microwaved

Large bulky particles Microwave synthesis
from conventional synthesis reduced particle size

Figure B12: SEM images of the TiNbyO7 particles synthesized (a),(b) by the conventional

solid state synthesis method, (c),(d) by the microwave synthesis method.

124



B.7 Potentiometric entropy measurement
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Figure B13: Measured voltage V' (z,t) during potentiometric entropy measurement as a

function of time t at C-rate of 2C.

Figure B2 shows the measured voltage V(x,t) as a function of time ¢ during the poten-
tiometric entropy measurement technique. In addition, Figure B3(a) shows enlarged V' (z,t)
during the 4" current pulse and the following relaxation period as a function of ¢ high-
lighted in the Figure B2. Moreover, Figure B3(b) shows the enlarged potential curve circled
in Figure B3(a) to clarify the voltage change upon step-like temperature change. The open
circuit voltage Uy, (z,T) was measured to be the potential value right before the temperature

change was imposed.
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(

z

1.660

Potentinal vs. Li/Li* (V)

1.635

1.630

1.655

1.650 +

1.645

1.640

4.4

Time t (hour)

during 4" current pule and relaxation period as

measured voltage V(x,t) during relaxation time

Table B1 compares the measured U, (z, T') for different temperatures after the 4" current

temperatures.

pulse corresponding to x = 0.71. The midpoint numerical differentiation for three point was

used to calculate OU,e,(z,T)/OT from the measured U,e,(x,T) values at three different

Table B3: The measured U,.,(z,T) for three different temperature at x = 0.71.

Temperature (°C)

Measured U

ocv

V)

15

1.646
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20

1.645

25
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APPENDIX C

Supplementary materials for Chapter 4
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Figure C15: Measured peak current I,... as a function of scan rate v for the (a) cathodic

peaks, and (b) for the anodic peaks.
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Figure C16: Schematic illustration of (a) electronic entropy s¢“(z, T') and (b) Entropic po-
tential OU,e,(z,T) /0T upon insulator to metal transition as functions of lithium composition

x.
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APPENDIX D

Supplementary materials for Chapter 5

D.8 b-value analysis
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Figure D18: Measured peak current I, as a function of scan rate v for the electrode

consisting of a) microparticles and that consisting of b) nanoparticles.
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D.9 Insulator to metal transition
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Figure D19: (a) Density of state DfiS;,(€) of Li,MA as functions of electric energy e-ey
for x = 0, 0.2, 0.4, and 0.6. b) Corresponding electronic entropy s{%4;s(z,T) of Li,MA

and c) electronic entropic potential QU (z, T)/OT as functions of lithium composition

x. d) (b) Entropic potential associated with configurational U (z,T)/OT, vibrational

ocv

oUY(x,T) /0T, and electronic U (x, T')/OT excitations as well as the entropic potential

ocv ocv

of the battery, i.e., U, (x,T) /0T = OU™ (2, T) /0T + U™ (x, T) /0T + OU(x, T)/OT.

ocv ocv
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D.10 Instantaneous heat generation rate
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Figure D20: Measured instantaneous heat generation rates Qwvo(t) at the (Wp2Vo.s)307-
based electrodes and Qp;(t) at the lithium metal electrode as functions of diemsionless time
t/t.q for 3 consecutive cycles with potential window ranging from 1.0 V to 3.0 V vs. Li/Li"

at C-rates of (a,d) 1C, (b,e) 2C, and (c,f) 3C for (W(2Vis)307 (a,b,c) microparticles and

(d,e,f) nanoparticles.
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D.11 Apparent diffusion coefficient
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