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Abstract of the Dissertation

Thermal Characterization of Novel Electrodes and Modeling of Novel Characterization

Methods for Electrochemical Energy Storage Systems

by

Yucheng Zhou

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2025

Professor Laurent G. Pilon, Chair

This dissertation aims to investigate the thermal behavior of materials and electrodes made

from novel synthesis and fabrication methods in lithium-ion batteries and electrochemical

capacitors. This dissertation also aims to develop novel characterization techniques with

rigorous design and validation. A combination of experimental measurements, numerical

simulations, and theoretical analysis are presented.

First, this dissertation compares the thermodynamics behavior and the operando heat

generation in lithium-ion battery electrodes made of Ti2Nb2O9 microparticles or nanoparti-

cles synthesized by solid-state or sol-gel methods. Electrochemical testing showed that elec-

trodes made of Ti2Nb2O9 nanoparticles exhibited larger specific capacity, smaller polariza-

tion, and better capacity retention at large currents. Potentiometric entropy measurements

revealed that both types of electrodes showed similar thermodynamics behavior governed by

lithium intercalation in solid solution. However, electrodes made of Ti2Nb2O9 nanoparticles

featured smaller overpotential and faster lithium ion transport. In fact, operando isothermal

calorimetry during galvanostatic cycling revealed smaller instantaneous and time-averaged

irreversible heat generation rates at electrodes made of Ti2Nb2O9 nanoparticles, highlighting

their smaller resistive losses and larger electrical conductivity.

Similarly, this dissertation compares NMC622 lithium-ion battery electrodes fabricated

using a novel 3D printing process or the conventional 2D tape casting process. Potentio-
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metric entropy measurements revealed that their thermodynamics behavior were identical

and consisted of lithium deintercalation in solid solution. However, operando isothermal

calorimetry indicated that the 3D printed electrodes featured larger specific capacity and

better rate performance, attributed to their larger electrode/electrolyte interfacial surface

area and electrical conductivity as well as their faster lithium ion transport. Therefore,

the instantaneous heat generation rates were smaller in 3D printed electrodes, reducing the

overall specific electrical energy and thermal energy dissipation per unit charge stored.

Furthermore, this dissertation proposes a novel and fast microcalorimetry electrother-

mal impedance spectroscopy (ETIS) method based on heat generation rate measurements

at each electrode of a lithium-ion battery cell. This new method is capable of retrieving the

open-circuit voltage, the entropic potential, and the partial entropy changes at each electrode

from measurements at a single temperature. It also shortens the measurement duration to

a few hours compared to several days using the galvanostatic intermittent titration tech-

nique (GITT). This novel microcalorimetry ETIS method was first validated with numerical

simulations and then experimentally demonstrated on PNb9O25 or TiNb2O7 battery cells.

Finally, this dissertation validates the step potential electrochemical spectroscopy

(SPECS) method and refines the associated analysis capable of differentiating the contribu-

tions of electrical double layer formation and Faradaic reactions to the total charge storage in

three-dimensional porous pseudocapacitive electrodes. The modified Poisson-Nernst-Planck

model coupled with the Frumkin-Butler-Volmer theory were used to numerically reproduce

experimental data obtained from the SPECS method accounting for interfacial, transport,

and electrochemical phenomena. The fitting analysis of the SPECS method was modified for

the Faradaic current. The new model can accurately predict the individual contributions of

EDL formation and Faradaic reactions to the total current. Moreover, the contributions of

EDL formation at the electrode surface or at the electrode/electrolyte interface within the

porous electrode can be identified. Similarly, the Faradaic reactions due to surface-controlled

or diffusion-controlled mechanisms can be distinguished.
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CHAPTER 1

Introduction

1.1 Electrochemical capacitors

Electrochemical capacitors (ECs) have attracted significant interest as a promising category

of electrochemical energy storage systems thanks to their high power and energy density,

high cycle efficiency, and long cycle life [2]. ECs can be classified as electrical double layer

capacitors (EDLCs) or pseudocapacitors [2, 3]. Typically, EDLCs consist of carbon-based

electrodes immersed in a liquid electrolyte, and store charge physically via electrical dou-

ble layer (EDL) formation at the electrode/electrolyte interface [2, 3]. On the other hand,

in addition to EDL formation, pseudocapacitors also store charges chemically via reduc-

tion/oxidation (redox) or faradaic reactions at the electrode surface [3, 4]. This can be

accompanied by ion intercalation/deintercalation in/out of the bulk electrode. This section

reviews the materials commonly used for different components of ECs.

1.1.1 Electrodes

Electrodes used in ECs should preferably feature (i) high specific surface area (around 1000

- 2000 m2/g), (ii) high electrical conductivity, (iii) good wettability, and (iv) low cost [2].

EDLC electrodes are typically made of porous carbon such as activated carbon [5], ordered

mesoporous carbon [6], and carbon nanotubes [7, 8]. Those carbon-based materials pro-

vide benefits such as high electrical conductivity, low cost, and well established production

techniques.

Pseudocapacitive electrodes are typically made of transition metal oxides or conductive

polymers that react with cations in the electrolyte such as Li+, K+, and H+ [2, 9, 10]. For
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transition metal oxides, the most common choices include Nb2O5, MnO2, MoO3, and RuO2 ·

xH2O [11–14]. For conductive polymers, the most common choices include polyaniline,

polypyrrole, polythiphene and their derivatives [15]. However, both transition metal oxides

and conductive polymers suffer from relatively low electrical conductivity [15, 16]. This

can cause considerable potential drop across the electrodes, which in turn leads to lower

capacitance. One general approach towards improving the performance of such electrodes

is to use materials with high electrical conductivity (e.g., activated carbon) as the base, on

which thin films of pseudocapacitive materials are deposited [17–20].

1.1.2 Electrolytes

Electrolytes typically consist of a salt (e.g., Na2SO4, LiClO4) dissolved in a solvent (e.g.,

water, organic liquid). Electrolytes for ECs should preferably feature (i) large relative per-

mittivity or dielectric constant, (ii) large ionic conductivity, (iii) wide potential windows, (iv)

wide temperature ranges, (v) low cost, and (vi) low safety and environmental hazards [2]. For

EDLCs, the electrolyte material should be resistant to chemical reactions with the electrode

material. For pseudocapacitors, the electrolyte material should be capable of undergoing

redox reactions along with cation intercalation into the electrode material [2].

Electrolytes can be classified into three categories namely (i) aqueous electrolytes, (ii)

organic electrolytes, and (iii) ionic liquid electrolytes. Aqueous electrolytes offer large rela-

tive permittivity and ionic conductivity, but they also have limited potential windows and

temperature ranges due to the low decomposition voltage and high freezing point of wa-

ter [2, 10, 21, 22]. Alternatively, organic electrolytes feature non-aqueous solvents such as

propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl-

methyl carbonate (EMC). Organic electrolytes enable increased potential windows of over

2 V, but this is offset by their small relative permittivity and ionic conductivity, high cost,

flammability and toxicity [2, 21, 22]. Finally, examples of ionic liquid electrolytes include

PYR14TFSI and PIP13FSI [23]. They can be used as neat or as dissolved in organic solvents

for increased ionic conductivity, but even then, the value is small compared to aqueous or
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organic electrolytes [21, 22, 24, 25]. On the other hand, ionic liquid electrolytes remain elec-

trochemically stable across potential windows of over 3 V, and they provide other advantages

such as wide temperature ranges and low flammability [21,22,24].

1.2 Lithium-ion batteries

Batteries have attracted significant interest as a promising category of electrochemical energy

storage systems thanks to their extremely high gravimetric and volumetric energy density,

with widespread applications in portable consumer electronics and electric vehicles [26–30].

Batteries can be classified as primary batteries or secondary batteries [31–33]. Primary bat-

teries can only be used once and cannot be recharged as they discharge based on irreversible

chemical reactions [31]. By contrast, secondary batteries are rechargeable as they operate

according to reversible redox reactions [31]. The main types of secondary batteries include

(i) nickel-metal hydride batteries, (ii) lithium-ion batteries (LIBs), and (iii) sodium-ion bat-

teries (SIBs) [34–38]. In particular, LIBs set the performance benchmarks in terms of their

high energy density, high reversibility, and small loss of charge when not in use [39,40]. This

section reviews the materials commonly used for different components of LIBs.

1.2.1 Electrodes

Electrodes used in LIBs can be divided as cathodes or anodes. Cathodes correspond to

electrodes where reduction reactions occur and electrons flow from the external circuit during

the discharging process. Anodes correspond to electrodes where oxidation reactions occur

and electrons flow into the external circuit during the discharging process.

Cathode materials should be (i) efficient oxidizing agents, (ii) stable when in contact

with electrolytes, and (iii) capable of operating at high working voltages [31, 41, 42]. One

of the earliest cathode materials for LIBs is titanium disulfide (TiS2) [43], with its layered

crystal structure facilitating intercalation/deintercalation of Li+ ions. However, the operat-

ing voltage of TiS2 is relatively low (≈ 2 V vs. Li/Li+) [43]. Since then, oxides with similar

layered crystal structures but enable higher operating voltages (≈ 4 V vs. Li/Li+), such as

3



lithium cobalt oxide (LiCoO2) [44] and lithium manganese nickel cobalt oxide (NMC) [45],

have been discovered and have become the most common cathode materials for LIBs.

Anode materials should be (i) efficient reducing agents, (ii) stable when in contact with

electrolytes, and (iii) available of large specific capacities [31,41,42]. One of the earliest anode

materials for LIBs is graphite [46], with its large theoretical specific capacity of 372 mAh/g

and low fabrication cost. However, graphite has a very low operating voltage (≈ 0.2 V vs.

Li/Li+), making it susceptible to the formation of solid electrolyte interphase (SEI) layers,

which leads to performance degradation over long-term cycling [46]. Furthermore, the specific

capacity of graphite drops rapidly during fast cycling, making it unsuitable for fast charging

LIBs. Since then, transition metal oxides such as lithium titanate (Li4Ti5O12) [47, 48],

niobium oxide (Nb2O5) [49, 50], and titanium niobium oxide (TiNb2O7) [51] have emerged

as promising anode materials for LIBs. These materials not only enable higher operating

voltages (≈ 1.5 V vs. Li/Li+), but also retain excellent specific capacities during fast cycling.

1.2.2 Electrolytes

Electrolytes enable ion transport between the cathode and the anode simultaneously with

the electric current in the external circuit. Similar to the electrolytes for ECs, electrolytes for

LIBs should give good ionic conductivity but should maintain electrical insulation to avoid

internal short-circuiting. In addition, electrolytes should preferably feature (i) stability when

in contact with the electrodes, (ii) wide potential windows, (iii) wide temperature ranges,

(iv) low cost, and (v) low safety and environmental hazards.

For research purposes in a laboratory setting, including the experimental studies in this

dissertation, organic electrolytes are the most common choices for LIBs. Organic electrolytes

are made by dissolving salt, such as lithium hexafluorophosphate (LiPF6), into organic

solvents, such as propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate

(DMC), ethyl-methyl carbonate (EMC), or a mixture of these compounds. With a variety of

salt and solvent combinations, organic electrolytes can cover a wide scope of potential win-

dows and temperature ranges. However, organic electrolytes generally have high volatility

4



and flammability that could pose serious safety concerns [52].

1.3 Potentiometric entropy measurements

Potentiometric entropy measurements consist of determining the open-circuit voltage

UOCV (x, T ) and the entropic potential [∂UOCV /∂T ](x, T ) of a battery cell at a given tem-

perature T and pressure as functions of lithium composition x, specific capacity Cm, or

state of charge. Our previous study [53] has not only described the fundamental relation-

ships between UOCV (x, T ), [∂UOCV /∂T ](x, T ), and the material thermodynamic properties,

but also developed an interpretation guide of their measurements for LIBs. In brief, the

open-circuit voltage UOCV (x, T ) of a battery cell with an intercalation compound (denoted

by MA) working electrode and a metallic lithium (denoted by Li) counter electrode can be

expressed as [53,54],

UOCV (x, T ) = −1

e

[
∂gMA

∂x
(x, T )− ∂gLi

∂x
(x, T )

]
(1.1)

where e is the elementary charge, gMA(x, T ) is the Gibbs free energy of LixMA per unit

of MA, and gLi(x, T ) is the Gibbs free energy per unit of metallic lithium. Similarly, the

entropic potential [∂UOCV /∂T ](x, T ) can be expressed as [53,55],

∂UOCV

∂T
(x, T ) =

1

e

[
∂sMA

∂x
(x, T )− ∂sLi

∂x
(x, T )

]
(1.2)

where sMA(x, T ) is the entropy of LixMA per unit of MA and sLi(x, T ) is the entropy per

unit of metallic lithium. As such, [∂sMA/∂x](x, T ) and −[∂sLi/∂x](x, T ) can be regarded as

the respective partial entropy changes at each electrode. Furthermore, the counter electrode

consists of macroscopic metallic lithium with negligible surface energy effects [56]. Thus,

[∂gLi/∂x](x, T ) corresponds to the standard Gibbs free energy per unit of metallic lithium

g◦Li(T ), and −[∂sLi/∂x](x, T ) is equal to the standard entropy per unit of metallic lithium

−s◦Li(T ) [53, 57]. Both g◦Li(T ) and −s◦Li(T ) are independent of x. Finally, the evolution of

UOCV (x, T ) and [∂UOCV /∂T ](x, T ) during lithiation can provide insight into the charging

mechanisms of the battery cell such as lithium ion insertion in a homogeneous solid solution,

two-phase coexistence, phase transition, and intralayer lithium ion ordering [53].
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In addition, the apparent diffusion coefficient DLi+(x, T ) of lithium ions in the intercala-

tion compound working electrode can be estimated from galvanostatic intermittent titration

technique (GITT) measurements based on Fick’s second law of diffusion using two different

approaches [58]. On the one hand, for electrodes with uniform thickness, DLi+(x, T ) can be

estimated from the net cell potential changes during GITT measurements according to [58],

DLi+(x, T ) =
4

πτ

(
VMA

AMA

)2 [
∆UOCV (x, T )

∆V (x, T )

]2
. (1.3)

Here, τ is the duration of the current pulse, AMA and VMA are respectively the surface area

and volume of the working electrode, ∆V (x, T ) is the cell potential change caused by the

current pulse but excluding the initial IR drop, and ∆UOCV (x, T ) is the open-circuit voltage

change caused by the current pulse.

On the other hand, for electrodes with varying thickness, e.g., those made from additive

manufacturing techniques, DLi+(x, T ) can be estimated from the transient behavior of the

cell potential during GITT measurements such that [58],

DLi+(x, T ) = −
(
VMA

πAMA

)2
dlog[V (x, T, t)− UOCV (x, T )]

dt
. (1.4)

Here, V (x, T, t) is the recorded cell potential during the relaxation period after a given

current pulse, and UOCV (x, T ) is the equilibrium open-circuit voltage retrieved at the end of

that particular relaxation period.

Potentiometric entropy measurements consist of imposing a series of constant current

pulses on the battery cell at constant temperature similar to GITT [1,59,60]. However, each

current pulse is followed by a relaxation period during which a step-like temperature profile

with four temperature plateaus is applied to the battery cell. Simultaneously, the corre-

sponding potential evolution of the battery cell is recorded by a high accuracy potentiostat.

As such, the open-circuit voltage UOCV (x, T ) can be retrieved from the measured potential at

the end of the relaxation period. Furthermore, the entropic potential [∂UOCV /∂T ](x, T ) can

be calculated by taking the finite difference of the potential in response to each temperature

step and averaging over the four instances. This method has been demonstrated to accurately

measure the open-circuit voltage UOCV (x, T ) and the entropic potential [∂UOCV /∂T ](x, T ) of
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coin cells with metallic lithium counter electrodes and working electrodes made of intercala-

tion compounds such as graphite [53], LiCoO2 [53], LiFePO4 [53], TiNb2O7 [59], PNb9O25 [1],

Ti2Nb2O9 [60], LiScMo3O8 [61], and Mo4O11 [62]. However, it requires long relaxation peri-

ods to ensure that the battery cell has reached thermodynamic equilibrium before collecting

data for each lithium composition x at each temperature T . In fact, the total measurement

time for one lithiation/delithiation cycle of a coin cell usually ranges between 200 and 400

hours [1,59,60]. Such durations are prohibitively long and faster alternative methods capable

of providing meaningful information would be highly desirable.

1.4 Operando isothermal calorimetry

Heat generation arises from multiple physicochemical phenomena occurring inside electro-

chemical energy storage systems during operation [63]. Therefore, accurate estimations of

heat generation are essential in designing effective thermal management strategies to pre-

vent potential fire hazards such as thermal runaway [64]. Accordingly, various calorimetric

techniques have been developed to measure the heat generation in batteries including ac-

celerating rate calorimetry [64,65], differential scanning calorimetry [66,67], and isothermal

calorimetry [63]. In particular, several isothermal calorimetric studies have reported heat

generation rates in coin cells [63,67], cylindrical cells [68], Swagelok cells [66], and prismatic

cells [64] under galvanostatic cycling. However, they only detected the heat generation

rate for the entire cell. To overcome this limitation, Munteshari et al. [69] developed and

validated experimentally an operando isothermal calorimeter capable of measuring the in-

stantaneous heat generation rates at each electrode. Subsequently, the device has been used

to measure heat generation rates at each electrode of electric double layer capacitors [69–74],

hybrid pseudocapacitors [75, 76], and LIBs [1, 59, 60]. The measurements revealed the ther-

mal signatures associated with physical, chemical, and transport processes including resistive

losses [1, 59, 60, 71–76], entropic changes [1, 60], ion adsorption/desorption [71–76], ion sol-

vation/desolvation [1, 76], enthalpy of mixing [1, 59], electrolyte decomposition [73, 74, 76],

overscreening effect [70,74], and insulator to metal transition [1, 59].
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1.4.1 Heat generation in batteries

The instantaneous total heat generation rate Q̇T (x, T ) (in W) in a battery cell can be divided

into several contributions including (i) Joule heating Q̇J(x, T ), (ii) reversible entropic heat

generation Q̇rev(x, T ), (iii) enthalpy or heat of mixing Q̇mix(x, T ), and (iv) heat generation

due to side reactions Q̇sr(x, T ), i.e. [1, 59,63,77,78],

Q̇T (x, T ) = Q̇J(x, T ) + Q̇rev(x, T ) + Q̇mix(x, T ) + Q̇sr(x, T ). (1.5)

The heat generation rate Q̇i(x, T ) is positive (or negative) when the associated phenomena

are exothermic (or endothermic) and release (or absorb) heat.

The heat generation rate from Joule heating Q̇J(x, T ) due to irreversible resistive losses

can be expressed as [1, 59,63,77,78],

Q̇J(x, T ) = I[V (x, T )− Uavg(x, T )] ≈ I[V (x, T )− UOCV (x, T )]. (1.6)

Here, I is the imposed current, V (x, T ) is the cell potential, and Uavg(x, T ) is the open-

circuit voltage evaluated at the volume-average concentration in the cell considering a sin-

gle electrochemical reaction [79]. In other words, Uavg(x, T ) is the potential to which the

cell would relax if the current was interrupted [77]. It is equivalent to the open-circuit

voltage UOCV (x, T ) obtained from potentiometric entropy measurements. The overpoten-

tial [V (x, T ) − Uavg(x, T )] is the potential drop across the cell due to internal resistance.

Therefore, it increases with (i) increasing charge transfer resistance [80], (ii) decreasing ionic

conductivity [80], and (iii) increasing cell degradation due to electrode deformation and/or

electrolyte decomposition during cycling [81,82].

The reversible heat generation rate Q̇rev(x, T ) due to entropic changes can be expressed

as [63,77,78],

Q̇rev(x, T ) = IT
∂Uavg(x, T )

∂T
≈ IT

∂UOCV (x, T )

∂T
. (1.7)

In addition, based on Equation (1.2), Q̇rev(x, T ) can be defined as the sum of the reversible

heat generation rates at the intercalation compound working electrode Q̇rev,MA(x, T ) and

at the lithium metal counter electrode Q̇rev,Li(T ) such that Q̇rev(x, T ) = Q̇rev,MA(x, T ) +
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Q̇rev,Li(T ) with [1],

Q̇rev,MA(x, T ) =
IT

e

∂sMA(x, T )

∂x
=
IT

e
s◦Li(T ) + IT

∂Uavg(x, T )

∂T

and Q̇rev,Li(T ) = −IT
e
s◦Li(T ).

(1.8)

However, the reversible heat generation rate is associated not only with entropic changes due

to electrochemical reactions [63, 77, 78, 83] but also with other physicochemical phenomena

including ion adsorption/desorption [70–75] and ion solvation/desolvation accompanied by

ion-pairing [84–88]. Finally, at extremely small currents, the overpotential and ion concen-

tration gradients in the cell are negligible, and the total heat generation rate is dominated

by Q̇rev(x, T ) [89].

The heat generation rate from enthalpy of mixing Q̇mix(x, T ) due to ion concentration

gradients can be expressed as [63,77,78],

Q̇mix(x, T ) =

∫
V∞

∑
i

[h̄i(x, T )− h̄avgi (x, T )]
∂ci
∂t

dV (1.9)

where V∞ is the volume of the cell, h̄i(x, T ) and h̄
avg
i (x, T ) are respectively the local and the

volume-averaged partial molar enthalpy of ion species i, and ci is the local concentration of

ion species i in the electrolyte or the electrode. The heat generation rate from enthalpy of

mixing is caused by ion concentration gradients (i) across the electrolyte due to diffusion

limitations, (ii) across the electrode due to non-uniform current distribution, (iii) within the

pores of the electrode filled with electrolyte, and (iv) among intercalated lithium ions in the

electrode due to electrochemical reactions. The latter is typically the dominant contribution

[77,79,90]. Therefore, fast lithium ion transport in the electrode reduces the heat generation

rate Q̇mix(x, T ).

Finally, the heat generation rate due to side reactions Q̇sr(x, T ) can be expressed as

[63,77,78],

Q̇sr(x, T ) = −
∑
i

∆Hiṙi(t) (1.10)

where ∆Hi is the enthalpy of reaction for side reaction i occurring at reaction rate ṙi(t).

However, past studies on heat generation in a battery cell have generally neglected Q̇sr(x, T )

[63, 77, 78]. Indeed, side reactions usually arise from the ageing process of a battery cell,
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which is relatively slow unless the cell is operating under extreme conditions [63, 78, 91].

Therefore, for the studies covered in this dissertation, Q̇sr(x, T ) was also neglected.

1.4.2 Energy balance

The net thermal energy Qi (in J) attributed to the different contributions previously men-

tioned and released over a charging/discharging cycle can be expressed as [63],

Qi =

∮
cycle

Q̇i(x, T, t)dt with i = T, J, or mix. (1.11)

Note that the reversible heat generation rate Q̇rev(x, T, t) averaged over a cycle yields zero,

i.e., Qrev = 0. Moreover, the net electrical energy loss ∆Ee (in J) over a charging/discharging

cycle corresponds to the area enclosed by the hysteresis of V (x, T ) vs. the charge transferred

q such that [92],

∆Ee =

∮
cycle

V (x, T )dq =

∮
cycle

V (x, T, t)I(t)dt. (1.12)

According to the first law of thermodynamics, the total thermal energy released during a

cycle is equal to the net electrical energy loss such that [1, 59],

∆Ee = QT = QJ +Qmix. (1.13)

1.5 Motivation of the present study

Electrochemical energy storage systems such as lithium-ion batteries [30, 93–97] and elec-

trochemical capacitors [4, 49, 50, 98–100] have come to the fore as essential components in

enabling the global transition towards electrification and renewable energy. Over the past

decades, there have been significant efforts on discovering new cathode and anode mate-

rials with large capacity, good rate performance, and long cycle life. Furthermore, novel

synthesis and fabrication techniques, in particular (i) downsizing of the material particles

towards nanoscale [101–103] and (ii) additive manufacturing or three-dimensional printing of

the samples [104–107], have been widely proposed as ways to achieve improvements in both

energy and power densities. However, there has been little focus on the thermal attributes
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of these state-of-the-art electrodes including their transport phenomena, thermodynamics

properties, and heat generation. In fact, the physicochemical mechanisms behind superior

electrochemical performance should theoretically lead to benefits in thermal performance as

well. Proving this hypothesis with experimental measurements can further demonstrate the

prospects of these electrodes for fast charging applications.

In addition, regarding the field of experimental measurements, the list of characteriza-

tion techniques designed for evaluating the performance of electrochemical energy storage

systems is constantly growing. However, for some of these cutting-edge techniques, there

remains considerable scope for validation, clarification, refinement, and adaptation in or-

der to improve or expand their suitability for a wide range of applications. Electrothermal

impedance spectroscopy (ETIS) [108, 109] and step potential electrochemical spectroscopy

(SPECS) [110–115] are two prime examples. The ETIS method, when integrated with

operando isothermal calorimetry, is potentially capable of retrieving basic thermodynamic

properties of a battery cell including the open-circuit voltage, the entropic potential, and the

partial entropy changes at each electrode, all within a significantly shortened duration than

existing techniques. The SPECS method, with a specialized data fitting analysis procedure,

has not been rigorously validated in numerical simulations for three-dimensional mesoporous

pseudocapacitive electrodes, which are more representative of the electrode samples used in

actual experiments.

1.6 Objectives of the present study

The present study aims (i) to investigate the effect of particle size on thermodynamics and

lithium ion transport in electrodes made of Ti2Nb2O9 microparticles or nanoparticles, (ii)

to demonstrate the superior electrochemical performance and reduced heat generation in

3D printed vs. 2D tape-casted NMC622 electrodes, (iii) to develop a novel ETIS measure-

ment method to rapidly determine the open-circuit voltage UOCV , the entropic potential

∂UOCV /∂T , and the partial entropy changes at each electrode of a battery cell, and (iv) to

numerically adapt and validate the SPECS method for three-dimensional porous pseudoca-
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pacitive electrodes.

1.7 Organization of the document

From the aspects of electrochemical performance, thermodynamics behavior, lithium ion

transport, and heat generation, Chapter 2 investigates the effect of particle size by com-

paring electrodes made of Ti2Nb2O9 microparticles or nanoparticles, and Chapter 3 demon-

strates the advantages of novel 3D printed NMC622 electrodes over conventional 2D tape-

casted NMC622 electrodes. Chapter 4 presents a novel microcalorimetry ETIS measure-

ment method to rapidly determine the open-circuit voltage UOCV , the entropic potential

∂UOCV /∂T , and the partial entropy changes at each electrode of a battery cell. Chapter 5

validates the SPECS method and refines the associated analysis for differentiating the contri-

butions of electrical double layer formation and Faradaic reactions to the total charge storage

in three-dimensional porous pseudocapacitive electrodes. Finally, Chapter 6 summarizes the

findings of this PhD thesis and provides recommendations for future research.
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CHAPTER 2

Effect of particle size on thermodynamics and lithium

ion transport in electrodes made of Ti2Nb2O9

microparticles or nanoparticles

This chapter aims to reveal the effect of the particle size on the electrochemical cycling

performance, thermodynamics behavior, and lithium ion transport in Ti2Nb2O9 electrodes.

First, it presents a novel sol-gel method to synthesize mesoporous Ti2Nb2O9 nanoparti-

cles [116]. The structures and performance of electrodes made of Ti2Nb2O9 nanoparticles

were systematically compared with those made of Ti2Nb2O9 microparticles synthesized by

the traditional solid-state method [117]. Characterization techniques including in situ X-ray

diffraction (XRD), cyclic voltammetry, and galvanostatic cycling were combined with state-

of-the-art potentiometric entropy measurements and operando isothermal calorimetry. Over-

all, this chapter extends our general understanding of transition metal oxides as fast-charging

LIB electrode materials by optimizing their particle size to achieve better performance and

cycling stability and to reduce electrical losses and heat generation.

2.1 Materials and methods

2.1.1 Synthesis of Ti2Nb2O9 powder

In this study, Ti2Nb2O9 powder was synthesized by either a solid-state or a sol-gel process. In

the solid-state synthesis method, powder of Nb2O5 (Alfa Aesar, 99.9%), TiO2 (Alfa Aesar,

≥ 99%), and K2CO3 (ACS Reagent, ≥ 99.0%) was mixed with a molar ratio of 1:2:1.2.

Here, 20% excess of K2CO3 was added owing to its volatility at high temperatures. This
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mixture was ground in an agate mortar for 10 minutes to obtain a homogeneous powder.

This powder was calcined at 1100 °C in a platinum crucible in air for 12 hours to produce

KTiNbO5 powder [118,119].

In the sol-gel synthesis method, 1.351 mg of NbCl5 (Sigma Aldrich, 99%) was dissolved

in 30 mL of ethanol. Meanwhile, 1.703 mg of titanium isopropoxide (Alfa Aesar, 97%) and

0.370 mg of KCl (ACS Reagent, 99.0-100.5%) were dissolved in 200 mL of ethylene glycol.

Then, citric acid (Alfa Aesar, ≥ 99%) was added to this second solution to achieve a molar

ratio of 10:1 between citric acid and the total number of cations in both solutions (Nb,

Ti, and K). After waiting for 1 hour to ensure complete dissolution of all species, the two

solutions were mixed, then stirred and heated at 120 °C until a blackish gel was formed.

This gel was dehydrated at 300 °C in air overnight so that the organic species completely

evaporated. It was then calcined at 700 °C in air for 2 hours to produce KTiNbO5 powder.

Note that it was necessary to evacuate the chlorinated gases out of the handling room.

The final step, common to both synthesis methods, consisted of mixing and stirring 1 g

of the KTiNbO5 powder in 200 mL of 3 M aqueous HNO3 for 3 days. The acid solution was

changed daily to ensure the complete exchange of potassium cations with protons [118]. The

resulting suspension containing HTiNbO5 powder was then centrifuged and rinsed with DI

water until waste water at neutral pH was obtained. Finally, the dried HTiNbO5 powder was

calcined at 400 °C in air for 2 hours to obtain Ti2Nb2O9 powder synthesized by solid-state

or sol-gel methods [117].

2.1.2 Electrode and device fabrication

A first set of self-supported electrodes were fabricated from a slurry prepared by mixing one of

the Ti2Nb2O9 powders previously synthesized by solid-state or sol-gel methods with conduc-

tive carbon (carbon black, Superior Graphite) and aqueous polytetrafluoroethylene (PTFE,

Sigma Aldrich) in a small amount of ethanol with a mass ratio of 7.5:1.5:1. This slurry was

homogenized with a pestle in a mortar and then cold-rolled until self-supported electrodes

were obtained with mass loading between 4 and 5 mg/cm2 and thickness between 60 and
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75 µm [120]. These self-supported electrodes were used for in situ X-ray diffraction (XRD),

cyclic voltammetry, galvanostatic cycling, and potentiometric entropy measurements. In

situ XRD was performed on cells made according to the procedure first reported by Leriche

et al. [121] and consisting of (i) a self-supported solid-state or sol-gel Ti2Nb2O9 working

electrode, (ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 675

µm thick glass microfiber filter (Whatman, Grade GF/D) as the separator, impregnated

with (iv) 1 M LiPF6 in EC:DMC 1:1 w/w (Solvionic, battery grade) electrolyte. Similarly,

cyclic voltammetry and galvanostatic cycling measurements were performed on Swagelok

cells consisting of (i) a self-supported solid-state or sol-gel Ti2Nb2O9 working electrode, (ii)

a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 675 µm thick

glass microfiber filter (Whatman, Grade GF/D) as the separator, impregnated with (iv) 1

M LiPF6 in EC:DMC 1:1 w/w (Solvionic, battery grade) electrolyte. Finally, potentiomet-

ric entropy measurements at C-rate of C/10 were performed on coin cells consisting of (i)

a self-supported solid-state or sol-gel Ti2Nb2O9 working electrode, (ii) a polished lithium

metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 260 µm thick glass microfiber filter

(Whatman, Grade GF/C) as the separator, impregnated with (iv) 1 M LiPF6 in EC:DMC

1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Here, the in situ XRD cells, Swagelok

cells, and coin cells were assembled in a glove box containing Ar gas with less than 0.1 ppm

of O2 and H2O.

Another set of electrodes were fabricated on copper current collectors from a slurry pre-

pared by dispersing one of the Ti2Nb2O9 powders previously synthesized by solid-state or

sol-gel methods and conductive carbon (carbon black, Superior Graphite) in N-methyl-2-

pyrrolidone (NMP) solvent with a Ti2Nb2O9:conductive carbon mass ratio of 5:1. After

dispersion in the solvent, polyvinylidene fluoride (PVDF) dissolved in NMP (7 wt%) was

added to achieve a Ti2Nb2O9:PVDF mass ratio of 7.5:1. Next, the slurry was spread on

a large copper substrate using a doctor blade and then dried in ambient air overnight.

The obtained slurry-cast electrodes had a Ti2Nb2O9:conductive carbon:PVDF mass ratio of

7.5:1.5:1, mass loading around 5.5 mg/cm2, and thickness around 150 µm. On the one hand,

these electrodes were used in operando isothermal calorimetry on two-electrode cells consist-
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ing of (i) a slurry-cast solid-state or sol-gel Ti2Nb2O9 working electrode and cut into 1 cm ×

1 cm square shape, (ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode

also cut into 1 cm × 1 cm square shape, (iii) two 50 µm thick polypropylene/polyethylene

(Celgard, C380) sheets acting as separators and thermal insulators, impregnated with (iv)

1 M LiPF6 in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. On the other

hand, potentiometric entropy measurements at C-rates of 1.5C and 6C were performed on

coin cells consisting of (i) a slurry-cast solid-state or sol-gel Ti2Nb2O9 working electrode,

(ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 260 µm thick

glass microfiber filter (Whatman, Grade GF/C) as the separator, impregnated with (iv) 1

M LiPF6 in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Here also, the

calorimetric cells and coin cells were assembled in a glove box containing Ar gas with less

than 0.1 ppm of O2 and H2O.

2.1.3 Structural characterization

Transmission electron microscopy (TEM) and in situ XRD were performed in order to charac-

terize the structure and phases of Ti2Nb2O9 powder synthesized by solid-state or sol-gel meth-

ods. TEM images were collected using a probe-corrected Themis Z G3 microscope (Thermo

Fisher Scientific) equipped with a high-angle annular dark-field detector (Fischione). Here,

the Ti2Nb2O9 powder was dispersed in ethanol and then deposited on a copper grid. Both

the XRD patterns of pristine Ti2Nb2O9 powders and the in situ XRD patterns of Ti2Nb2O9

electrodes were collected using a PANalytical X’Pert Pro diffractometer (Malvern Panalyt-

ical). An X’Celerator detector with Cu-Kα1-Kα2 (λ = 1.54060 Å, 1.54439 Å) radiation was

used at acceleration voltage of 40 kV and current of 40 mA. During charging and discharging

of the cell, a series of constant current pulses at 0.02 A/g of Ti2Nb2O9 were imposed. Each

current pulse lasted 20 minutes followed by a relaxation period of 30 minutes for pattern

acquisition between 2θ = 5° and 40°.
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2.1.4 Electrochemical characterization

Cyclic voltammetry measurements consisted of imposing a triangular waveform as the cell

potential V and recording the cell current I with a high accuracy potentiostat (BioLogic,

VMP3). The specific capacity Cm(ν) (in mAh/g) at scan rate ν was calculated according

to [122],

Cm(ν) =
1

m

∮
cycle

I

2ν
dV (2.1)

where m is the mass loading of Ti2Nb2O9 at the working electrode.

Similarly, the cell potential V under galvanostatic cycling at constant current ±I was

also recorded by a high accuracy potentiostat (BioLogic, VMP3). The IR drop ∆V can

be identified as the sharp potential change observed when switching between charging and

discharging or vice versa. Then, the internal resistance RGC of the cell was calculated

according to [70,123–126],

RGC =
∆V

2I
. (2.2)

2.1.5 Potentiometric entropy measurements

The open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T of the coin

cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles synthesized

by solid-state or sol-gel methods were measured as functions of specific capacity Cm using the

potentiometric entropy measurement technique and the apparatus described in Refs. [1,59].

The measurements consisted of imposing a series of constant current pulses at a C-rate

of C/10 at 20 °C. Each current pulse lasted 30 minutes followed by a relaxation period

of 270 minutes during which a step-like temperature profile was applied to the coin cell

from 15 °C to 25 °C in 5 °C increments with a thermoelectric cold plate (TE technology,

CP-121). The corresponding coin cell potential evolution was recorded by a high accuracy

potentiostat (BioLogic, VSP-300). Before recording the open-circuit voltage UOCV (Cm, T )

at a given specific capacity Cm and temperature T , we verified that the coin cell had reached

thermodynamic equilibrium by ensuring that (i) the temperature difference between the cold

plate and the surface of the coin cell was less than 0.1 °C and (ii) the time rate of change of
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the open-circuit voltage ∂UOCV (Cm, T )/∂t was less than 1 mV/h.

2.1.6 Operando isothermal calorimetry

Operando isothermal calorimetry was performed in the aforementioned two-electrode cells

using the apparatus described in Ref. [69]. Here, galvanostatic cycling was imposed using

a high accuracy potentiostat (BioLogic, SP-150). Simultaneously, the instantaneous heat

generation rates Q̇i(t) (in mW) at the working electrode made of Ti2Nb2O9 microparticles

or nanoparticles and at the lithium metal counter electrode were calculated from the instan-

taneous heat fluxes q′′i (t) (in mW/cm2) measured by a 1 cm × 1 cm thermoelectric heat

flux sensor (greenTEG, gSKIN-XP) in thermal contact with the back of each electrode “i”

according to [69],

Q̇i(t) = q′′i (t)Ai =
∆Vi(t)

Si

Ai with i = TNO or Li. (2.3)

Here, Ai (in cm2) is the footprint area of the electrode and ∆Vi(t) (in µV) is the instantaneous

voltage difference measured by the heat flux sensor with sensitivity Si [in µV/(W/cm2)].

Then, the instantaneous total heat generation rate in the entire calorimetric cell Q̇T (t) can

be expressed as the sum of those at each electrode such that,

Q̇T (t) = Q̇TNO(t) + Q̇Li(t). (2.4)

In addition, the instantaneous heat generation rates Q̇i(t) at each electrode can be divided

into an irreversible Q̇irr,i(t) and a reversible Q̇rev,i(t) contribution such that,

Q̇i(t) = Q̇irr,i(t) + Q̇rev,i(t). (2.5)

To minimize the white noise in the signal from the heat flux sensors, the instantaneous

heat generation rates Q̇i(t) measured at each electrode were averaged over the last three

consecutive cycles at any given current I, i.e.,

Q̇i(t) =
1

3

3∑
j=1

Q̇i[t+ (j − 1)tcd]. (2.6)
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Finally, the time-averaged irreversible heat generation rates ¯̇Qirr,i during a charg-

ing/discharging cycle can be calculated according to [1, 59],

¯̇Qirr,i =
¯̇Qi =

1

tcd

∮
cycle

Q̇i(t)dt with i = TNO or Li. (2.7)

Note that Q̇rev,i(t) averaged over a cycle yields zero.

2.2 Results and discussion

2.2.1 Structural characterization

Figure 2.1(a) shows the crystallographic structure of Ti2Nb2O9, demonstrating its tunnel

structure which facilitates lithium ion intercalation. Figures 2.1(b) and 2.1(c) show the

transmission electron microscopy (TEM) images of Ti2Nb2O9 microparticles or nanoparticles

synthesized by solid-state or sol-gel methods, respectively. Here, the solid-state synthesis

method produced microparticles with size around 1 µm while the sol-gel synthesis method

produced nanoparticles with size around 50 nm. Furthermore, mesopores formed during the

dehydration synthesis step were marked by green circles, showing that the sol-gel method

created more nanoporosity in the synthesized Ti2Nb2O9 than the solid-state method. In

fact, the specific surface area measured by low-temperature nitrogen adsorption porosimetry

of Ti2Nb2O9 microparticles or nanoparticles reached 1.4 and 24.6 m2/g, respectively. The

respective volumes of micropores and mesopores were 3.16 × 10−5 and 0.0092 cm3/g in

Ti2Nb2O9 microparticles, or 0.008 and 0.095 cm3/g in Ti2Nb2O9 nanoparticles. In other

words, both types of particles were dense and slightly porous. The pore size distributions

were bimodal with an average pore width of Ti2Nb2O9 microparticles and nanoparticles

recorded as 17.5 and 4.7 nm, respectively (see Figure A.1 in Appendix A). According to

the IUPAC classification [127], the Ti2Nb2O9 microparticles contained primarily mesopores

with pore width between 2 and 50 nm while the Ti2Nb2O9 nanoparticles had nanopores with

pore width < 2 nm. Initially for both types of particles, the mesopores were mainly created

during the synthesis of the precursor HTiNbO5 while the nanopores were generated mostly

due to the final calcination step of HTiNbO5 to obtain Ti2Nb2O9.
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(a)

(b) Ti2Nb2O9 microparticles synthesized by solid-state method

(c) Ti2Nb2O9 nanoparticles synthesized by sol-gel method

Figure 2.1: (a) Crystallographic structure of Ti2Nb2O9. Transmission electron microscopy

(TEM) images of Ti2Nb2O9 (b) microparticles and (c) nanoparticles.
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Figure 2.2: (a) XRD patterns of pristine Ti2Nb2O9 powder. In situ XRD patterns of elec-

trodes made of Ti2Nb2O9 (b) microparticles or (c) nanoparticles.
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First, Figure 2.2(a) shows the XRD patterns of pristine Ti2Nb2O9 powders. Here,

Ti2Nb2O9 microparticles exhibited preferential orientation along the c-axis based on the

high intensity of the (002) and (004) peaks. By contrast, Ti2Nb2O9 nanoparticles did not

develop preferential growth while the larger peak widths indicate their smaller crystallite size.

Furthermore, Figure 2.2 shows the in situ XRD patterns of self-supported electrodes made

of Ti2Nb2O9 (b) microparticles or (c) nanoparticles. It indicates that not every expected

diffraction peak was observed in the patterns for electrodes made of Ti2Nb2O9 microparticles.

This was due to (i) the aforementioned preferential orientation of the synthesized Ti2Nb2O9

microparticles and (ii) the treatment during synthesis of the powder to form a self-supported

paste. Nevertheless, the (002) peak around 2θ = 12° and the (004) peak around 2θ = 24°

were clearly visible and could be attributed to Ti2Nb2O9 [117,118,128]. Similarly, not every

expected diffraction peak was observed for electrodes made of Ti2Nb2O9 nanoparticles. This

was due to the low crystallinity of the synthesized Ti2Nb2O9 nanoparticles. Nonetheless, the

(011) peak around 2θ = 24° and the (110) peak around 2θ = 27° were clearly visible and

could be attributed to Ti2Nb2O9 [117, 118,128]. In addition, in both cases the peak around

2θ = 18° did not shift and could be attributed to PTFE in the binder [129]. It is interesting

to note that every diffraction peak was maintained at constant intensity and featured small

and continuous shifts during lithiation and delithiation which returned to their original po-

sition after each cycle. This suggests that the prevailing charging mechanism corresponded

to reversible lithium ion insertion in a homogeneous solid solution of Ti2Nb2O9 for elec-

trode material synthesized by either method. In other words, the lithiation and delithiation

processes caused only minor and reversible distortions to the crystallographic structure of

Ti2Nb2O9. Finally, the recent study by Drozhzhin et al. [130] reported, during the first

lithiation half-cycle, an irreversible phase transformation between two orthorhombic phases

within the same space group (Pnmm) along with changes in the unit cell parameters. We hy-

pothesize that this discrepancy possibly appears due to (i) the different specifications of the

diffractometers used in the two studies and (ii) differences in the synthesis methods. Indeed,

Drozhzhin et al. [130] produced the intermediate compound NH4TiNbO5 and the residue

NH3 which potentially created a slight difference in the initial structure. Intercalation in a
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solid solution was reported for subsequent half-cycles, as observed in the present study.

2.2.2 Electrochemical characterization

Figure 2.3 plots the cyclic voltammogram of the Swagelok cells with self-supported working

electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanoparticles cycled between 1.0 and

3.0 V vs. Li/Li+ at scan rates ν ranging between 0.1 and 50 mV/s. It also shows (c) the

peak specific current Im,peak(ν), and (d) the specific capacity Cm(ν) as functions of scan rate

ν. The pair of cathodic and anodic peaks around 1.4/1.6 V vs. Li/Li+, observed at ν = 0.1

mV/s, could be attributed to both Ti4+/Ti3+ and Nb5+/Nb4+ redox reactions [117,131,132].

At any given scan rate ν, the polarization of the cell with Ti2Nb2O9 nanoparticles was smaller

than that with Ti2Nb2O9 microparticles. This resulted in greater cycling reversibility for the

cell with Ti2Nb2O9 nanoparticles than that with Ti2Nb2O9 microparticles. Moreover, the b-

value associated with this pair of redox peaks was obtained by least squares fitting of the peak

specific current Im,peak according to the power law Im,peak = aνb [133]. Note that the b-value

analysis is a qualitative technique widely used to assess the charging mechanisms in both

battery and pseudocapacitive electrode materials ranging between the limiting cases of slow

redox reactions limited by ion diffusion in a semi-infinite medium (b = 0.5) and fast redox

reactions without ion transport limitation (b = 1). In fact, a series of studies [134, 135]

validated the b-value analysis in hybrid pseudocapacitors using state-of-the-art numerical

simulations and physicochemical models based on first principles. Between ν = 0.1 and 2

mV/s, the b-value of the cell with Ti2Nb2O9 microparticles or nanoparticles was 0.51 and

0.88, respectively. This suggests that redox reactions and lithium ion intercalation were

faster and less diffusion-limited in the working electrode made of Ti2Nb2O9 nanoparticles

than that made of Ti2Nb2O9 microparticles thanks to their larger surface area and smaller

size. Finally, at any given scan rate ν, the specific capacity Cm(ν) of the cell with Ti2Nb2O9

nanoparticles was larger than that with Ti2Nb2O9 microparticles. In addition, the decrease

in the specific capacity Cm(ν) with increasing scan rate ν was less significant for the cell

with Ti2Nb2O9 nanoparticles than that with Ti2Nb2O9 microparticles.
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Figure 2.3: Cyclic voltammogram of Swagelok cells with working electrodes made of

Ti2Nb2O9 (a) microparticles or (b) nanoparticles cycled between 1.0 and 3.0 V vs. Li/Li+ at

scan rates ν ranging between 0.1 and 50 mV/s, along with (c) peak specific current Im,peak(ν),

and (d) specific capacity Cm(ν) as functions of scan rate ν.
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Figure 2.4: Potential profiles during galvanostatic cycling of Swagelok cells with working

electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanoparticles cycled between 1.0 and

3.0 V vs. Li/Li+ at specific current Im ranging between 0.02 and 2 A/g of Ti2Nb2O9, along

with (c) the specific capacity Cm(Im) as a function of cycle number at different specific

current Im, and (d) the capacity retention ratio over 100 cycles with respect to Cm(Im) of

the second cycle at Im = 0.2 A/g of Ti2Nb2O9 (∼1C).
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Figure 2.4 plots the potential profiles during galvanostatic cycling of the Swagelok cells

with self-supported working electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanopar-

ticles cycled between 1.0 and 3.0 V vs. Li/Li+ at specific current Im ranging between 0.02

and 2 A/g of Ti2Nb2O9. It also shows (c) the specific capacity Cm(Im) as a function of

cycle number at different specific current Im, and (d) the capacity retention ratio over 100

cycles with respect to Cm(Im) of the second cycle at Im = 0.2 A/g of Ti2Nb2O9 (∼1C).

At any given specific current Im, the specific capacity Cm(Im) of the cell with Ti2Nb2O9

nanoparticles was larger than that with Ti2Nb2O9 microparticles. For example, at 0.02 A/g

of Ti2Nb2O9 (∼C/10), the cell with Ti2Nb2O9 nanoparticles showed a reversible specific ca-

pacity of 230 mAh/g compared with 157 mAh/g for the cell with Ti2Nb2O9 microparticles.

The former achieved an improvement of 14% over the specific capacity previously reported in

the literature [117,130]. Moreover, at large specific currents Im, the capacity retention of the

cell with Ti2Nb2O9 nanoparticles was superior to that with Ti2Nb2O9 microparticles. In fact,

at 2 A/g of Ti2Nb2O9 (∼10C), the cell with Ti2Nb2O9 nanoparticles still retained a specific

capacity of 97 mAh/g compared with 19 mAh/g for the cell with Ti2Nb2O9 microparticles.

Finally, the long-term cycling degradation of both types of Ti2Nb2O9 working electrodes

was minimal. After 100 cycles at 0.2 A/g of Ti2Nb2O9, the ratio of the specific capacity of

the cell with Ti2Nb2O9 microparticles or nanoparticles relative to the second cycle was 1.01

and 0.96, respectively. Note that in many battery electrode materials such as graphite and

NMC, the first cycle features low coulombic efficiency and/or substantial irreversible loss in

the specific capacity [136]. Accordingly, it is more appropriate to use the specific capacity

of the second cycle as the reference when calculating the capacity retention [137–139].

2.2.3 Potentiometric entropy measurements

Figure 2.5 plots the open-circuit voltage UOCV (Cm, T ) and entropic potential

∂UOCV (Cm, T )/∂T of the coin cells with self-supported working electrodes made of Ti2Nb2O9

microparticles or nanoparticles as functions of specific capacity Cm during lithiation and

delithiation of the first two cycles at C-rate of C/10. Here, the Ti2Nb2O9 active mate-

rial mass loading of the cell with Ti2Nb2O9 microparticles or nanoparticles was 4.7 and 4.3
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Figure 2.5: Open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T

of coin cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles as

functions of specific capacity Cm during lithiation and delithiation of the first two cycles at

C-rate of C/10.
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mg/cm2, respectively. First, within the same potential window of 1.0 to 3.0 V vs. Li/Li+,

the maximum specific capacity of the cell with Ti2Nb2O9 nanoparticles was larger than that

with Ti2Nb2O9 microparticles during both lithiation or delithiation half-cycles. These results

are consistent with those previously observed in galvanostatic cycling measurements (Figure

2.4). Second, UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T of both cells monotonously decreased

with increasing lithium composition during the lithiation half-cycle. This behavior is char-

acteristic of lithium ion insertion in a homogeneous solid solution [1,59]. These observations

are also consistent with those previously made from in situ XRD measurements (Figure 2.2).

Furthermore, UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T of both cells were the same during

the first lithiation half-cycle. This suggests that for pristine Ti2Nb2O9, the contrasting parti-

cle sizes resulting from distinct synthesis methods had no influence on the thermodynamics

properties of the electrodes. However, UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T between the

two cells showed minor discrepancies during the subsequent half-cycles which could be at-

tributed to several factors. First, it could result from the hysteresis of UOCV (Cm, T ) and

∂UOCV (Cm, T )/∂T between lithiation and delithiation. Moreover, it could be caused by the

specific capacity loss between the first lithiation and delithiation half-cycles. On the one

hand, such initial specific capacity loss could arise when certain lithium ions lithiated into

the pristine structure became trapped and therefore unable to be delithiated [140]. On the

other hand, it could also emerge due to increasing kinetic barriers including (i) growing passi-

vation layers on both working and counter electrodes which inhibit lithium ion transport and

(ii) broken or cracked Ti2Nb2O9 particles which reduce the number of available intercalation

sites [141]. For example, cracking can affect the grain boundaries along which electronic and

ionic transports occur [142,143]. In fact, a more recent study [144] applied operando optical

scattering microscopy to monitor the actual process of particle cracking in anode materials

leading to nonfunctional particle fragments and degradation of performance caused by the

loss of electrical connection to the rest of the electrode.

As previously proposed by Hudak et al. [141], Figure 2.6(a) plots the entropic potential

∂UOCV (Cm, T )/∂T of the coin cells with working electrodes made of Ti2Nb2O9 micropar-

ticles or nanoparticles as a function of open-circuit voltage UOCV (Cm, T ) during lithiation
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Figure 2.6: (a) Entropic potential ∂UOCV (Cm, T )/∂T of coin cells with working electrodes

made of Ti2Nb2O9 microparticles or nanoparticles as a function of open-circuit voltage

UOCV (Cm, T ) during lithiation and delithiation of the first two cycles at C-rate of C/10.

Cell potential V (Cm, T ) and open-circuit voltage UOCV (Cm, T ) as functions of specific ca-

pacity Cm during the first lithiation half-cycle at C-rate of C/10 for coin cells with working

electrodes made of Ti2Nb2O9 (b) microparticles or (c) nanoparticles. (d) Apparent diffusion

coefficient DLi+(Cm, T ) [Equation (1.3)] of lithium ions in the working electrodes made of

Ti2Nb2O9 microparticles or nanoparticles.
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and delithiation of the first two cycles at C-rate of C/10. Here, the entropic potential

profiles of both types of electrodes overlapped. This suggests that the thermodynamics

behavior of Ti2Nb2O9 powder synthesized by either method remained similar and stable,

at least during the first two cycles. Therefore, the aforementioned minor discrepancies in

UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T vs. Cm between the two cells could be attributed to

the lithiation/delithiation hysteresis of UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T as well as the

initial specific capacity loss from trapped lithium ions and/or increasing kinetic barriers.

Moreover, Figures 2.6(b) and 2.6(c) plot the cell potential V (Cm, T ) and open-circuit

voltage UOCV (Cm, T ) as functions of specific capacity Cm during the first lithiation half-cycle

at C-rate of C/10 for the coin cells with working electrodes made of Ti2Nb2O9 microparticles

or nanoparticles, respectively. It is evident that, for a given state of charge, the overpotential

[V (Cm, T ) − UOCV (Cm, T )] of the cell with Ti2Nb2O9 nanoparticles was smaller than that

with Ti2Nb2O9 microparticles. This indicates that the working electrode made of Ti2Nb2O9

nanoparticles had larger electrical conductivity and/or faster lithium ion transport than that

made of Ti2Nb2O9 microparticles [80].

Finally, Figure 2.6(d) plots the apparent diffusion coefficient DLi+(Cm, T ) of lithium

ions in the working electrodes made of Ti2Nb2O9 microparticles or nanoparticles calculated

according to Equation (1.3). It indicates that, for a given state of charge, DLi+(Cm, T ) of the

working electrode made of Ti2Nb2O9 nanoparticles was larger than that made of Ti2Nb2O9

microparticles, particularly in the second part of the lithiation process. This result confirms

the faster lithium ion transport in Ti2Nb2O9 nanoparticles compared with microparticles,

which manifested itself in the less polarized cyclic voltammograms, the larger b-value, and

the larger specific capacity Cm at high C-rates (Figures 2.3 and 2.4).

2.2.4 Operando isothermal calorimetry

2.2.4.1 Cell potential

Figure A.2 in Appendix A plots the temporal evolution of the potential V (t) of the calori-

metric cells with slurry-cast working electrodes made of Ti2Nb2O9 (a) microparticles or (b)
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nanoparticles and lithium metal counter electrodes for six consecutive galvanostatic cycles

with potential window between 1.0 and 3.0 V vs. Li/Li+ for each current I ranging from 2

to 8 mA. It indicates that the cycle period tcd of both cells decreased with increasing current

I. In fact, larger currents I led not only to faster charging and discharging rates but also to

smaller specific capacity Cm, as observed in Figure 2.4. Furthermore, the cycle period tcd of

the cell with Ti2Nb2O9 nanoparticles was longer than that with Ti2Nb2O9 microparticles and

did not decrease as much with increasing current I. This reflects the larger specific capacity

Cm and the better capacity retention of the cell with Ti2Nb2O9 nanoparticles compared with

the cell with Ti2Nb2O9 microparticles.

2.2.4.2 Instantaneous heat generation rates

Figure 2.7 plots the instantaneous heat generation rates (a, b) Q̇TNO(t) measured at the

working electrodes made of Ti2Nb2O9 microparticles or nanoparticles and (c, d) Q̇Li(t) mea-

sured at the respective lithium metal counter electrodes as functions of dimensionless time

t/tcd averaged over the last three consecutive cycles for current I ranging from 2 to 8 mA.

Note that the measurements of Q̇TNO(t) and Q̇Li(t) were repeatable cycle after cycle (see Fig-

ures A.3 and A.4 in Appendix A). First, the magnitudes of Q̇TNO(t) and Q̇Li(t) in both cells

increased with increasing current I. Moreover, Figures 2.7(a) and 2.7(b) show that, for any

given current I, Q̇TNO(t) was significantly larger at the working electrode made of Ti2Nb2O9

microparticles than at that made of Ti2Nb2O9 nanoparticles. Furthermore, Q̇TNO(t) in both

cells increased with time during both lithiation or delithiation half-cycles. This could be

attributed to the increase in the reversible heat generation rate Q̇rev,TNO(x, T ) [Equation

(1.8)] caused by the monotonously decreasing entropic potential ∂UOCV (Cm, T )/∂T with

increasing lithium composition x, as observed in Figure 2.5. On the other hand, Figures

2.7(c) and 2.7(d) establish that, for any given current I, Q̇Li(t) was similar in both cells

and was positive and relatively constant during the lithiation half-cycle of the Ti2Nb2O9

working electrode. This was associated with lithium ion stripping and exothermic solvation

with ion pairing at the lithium metal counter electrode [1]. By contrast, Q̇Li(t) increased to-

wards the end of the delithiation half-cycle of the Ti2Nb2O9 working electrode accompanied
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Figure 2.7: Instantaneous heat generation rates (a, b) Q̇TNO(t) measured at the working

electrodes made of Ti2Nb2O9 microparticles or nanoparticles and (c, d) Q̇Li(t) measured at

the corresponding lithium metal counter electrodes as functions of dimensionless time t/tcd

averaged over the last three consecutive cycles for current I ranging from 2 to 8 mA.
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simultaneously by plating of the lithium metal counter electrode. As such, the rise in Q̇Li(t)

could be attributed to the exothermic dendrite formation on the surface of the lithium metal

counter electrode [145, 146]. These phenomena were also observed in cells with PNb9O25

working electrodes and lithium metal counter electrodes in 1 M LiPF6 in EC:DMC 1:1 v/v

electrolyte [1].

In our previous studies with TiNb2O7 [59] and PNb9O25 [1], the heat generation rate

Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7) agreed well with

the measurements of Q̇T (x, T ). However, in the present study, such a comparison was not

possible. Indeed, during operando isothermal calorimetry, the cells were tested under gal-

vanostatic cycling at high C-rates resulting in poor capacity retention. However, the values of

UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T determined by potentiometric entropy measurements

with current pulses at the same high C-rates spanned a wider range of specific capacity Cm

thanks to the long relaxation periods imposed during the measurements (see Figures A.6 to

A.9 in Appendix A). Therefore, the measured UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T did not

represent the actual values of Uavg(x, T ) and ∂Uavg(x, T )/∂T of the cells during operando

isothermal calorimetry.

2.2.4.3 Time-averaged heat generation rates

Figure 2.8(a) plots the time-averaged irreversible heat generation rates ¯̇Qirr,TNO and ¯̇Qirr,Li

as functions of current I for calorimetric cells with working electrodes made of Ti2Nb2O9

microparticles or nanoparticles. First, ¯̇Qirr,TNO and ¯̇Qirr,Li in both cells increased with

increasing current I. In fact, least squares fitting revealed that ¯̇Qirr,Li increased quadratically

with respect to current I, i.e., ¯̇Qirr,Li ∝ I2. This suggests that Joule heating dominated the

irreversible heat generation at the lithium metal counter electrode whose electrical resistivity

was independent of current I. Furthermore, for any given current I, ¯̇Qirr,Li was identical in

both cells. Indeed, each lithium metal counter electrode was cut from the same piece into

the same size and therefore should have approximately the same resistance.

By contrast, in both calorimetric cells ¯̇Qirr,TNO increased linearly with respect to cur-
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Figure 2.8: (a) Time-averaged irreversible heat generation rates ¯̇Qirr,TNO and ¯̇Qirr,Li as func-

tions of current I for calorimetric cells with working electrodes made of Ti2Nb2O9 micropar-

ticles or nanoparticles. (b) Resistances RGC,d and RGC,l [Equation (2.2)] of calorimetric cells

with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles in delithiated or

lithiated states during cycling at a given current I. Net electrical energy loss ∆Ee [Equation

(1.12)] and total thermal energy dissipated QT [Equation (1.11)] over a charging/discharging

cycle for calorimetric cells with working electrodes made of Ti2Nb2O9 (c) microparticles or

(d) nanoparticles.
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rent I, i.e., ¯̇Qirr,TNO ∝ I. However, ¯̇Qirr,TNO was larger at the working electrode made of

Ti2Nb2O9 microparticles than at that made of Ti2Nb2O9 nanoparticles. This could be due,

in part, to the fact that the electrical resistivity of the working electrode made of Ti2Nb2O9

microparticles was larger than that made of Ti2Nb2O9 nanoparticles. In fact, Figure 2.8(b)

plots the resistances RGC,d and RGC,l calculated from the IR drop [Equation (2.2)] in the

calorimetric cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles

at the end of the delithiation or lithiation steps during cycling at a given current I. First,

the resistances RGC,d and RGC,l of the cell with Ti2Nb2O9 microparticles were systemati-

cally larger than that with Ti2Nb2O9 nanoparticles for any given current I. Moreover, the

resistances RGC,d and RGC,l of both cells decreased with increasing current I. This could be

attributed to the smaller range of lithium composition x reached at larger currents I. Finally,

both cells had larger resistance in delithiated state than in lithiated state, i.e., RGC,d > RGC,l.

To the best of our knowledge, the electrical resistivity of Ti2Nb2O9 as a function of state of

charge has not been reported to date. However, the closely-related TiNb2O7 is known to be

an insulator in its unlithiated state and its resistivity decreases sharply upon lithiation up

to x = 0.5 [59]. Thus, a similar behavior could be the origin of the changes in the electrical

resistivity of the Ti2Nb2O9-based electrodes.

2.2.4.4 Energy balance

Figure 2.8 plots the net electrical energy loss ∆Ee [Equation (1.12)] and the total thermal

energy dissipated QT [Equation (1.11)] over a charging/discharging cycle for calorimetric

cells with working electrodes made of Ti2Nb2O9 (c) microparticles or (d) nanoparticles. For

the cell with Ti2Nb2O9 microparticles, the total thermal energy QT (in J) released over a

cycle decreased with increasing current I. This was due to the decrease in the cycle period

tcd with increasing current I [Figure A.2(a) in Appendix A] which was more significant

than the concurrent increase in the instantaneous total heat generation rate Q̇T (t) (in W)

[Figures 2.7(a) and 2.7(c)]. By contrast, QT increased with increasing current I for the cell

with Ti2Nb2O9 nanoparticles as the increase in Q̇T (t) [Figures 2.7(b) and 2.7(d)] was more

significant than the decrease in tcd [Figure A.2(b)]. Finally, for both cells at any given current
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I, the total dissipated thermal energy QT measured by operando isothermal calorimetry fell

within 10% of the net electrical energy loss ∆Ee measured by the potentiostat. In other

words, the net electrical energy loss was entirely dissipated in the form of heat. These

results confirm the accuracy of our measurements.

2.3 Chapter summary

This chapter investigates the tunnel-structured Ti2Nb2O9 with fast charging capabilities at

potentials above 1.0 V vs. Li/Li+ which reduces SEI and dendrite formation. A novel sol-gel

method was proposed to synthesize Ti2Nb2O9 nanoparticles for use in lithium-ion battery

electrodes. These electrodes were compared with those made of Ti2Nb2O9 microparticles

synthesized by the traditional solid-state method using unique characterization techniques

including potentiometric entropy measurements and operando isothermal calorimetry. Cyclic

voltammetry and galvanostatic cycling demonstrated the superior specific capacity, greater

cycling reversibility, and smaller capacity drop with increasing current for electrodes made of

Ti2Nb2O9 nanoparticles compared to those made of Ti2Nb2O9 microparticles. Furthermore,

in situ XRD measurements revealed only minor and reversible distortions to the crystallo-

graphic structure of Ti2Nb2O9. In addition, potentiometric entropy measurements indicated

that both types of electrodes underwent lithium ion intercalation/deintercalation in a homo-

geneous solid solution of Ti2Nb2O9 during cycling. In fact, overlapping entropic potential

profiles suggested that the particle size had no influence on the thermodynamics behavior

of Ti2Nb2O9. However, electrodes made of Ti2Nb2O9 nanoparticles exhibited smaller over-

potential than those made of Ti2Nb2O9 microparticles, thanks to their smaller particle size

and larger specific surface area which facilitate lithium ion transport. This, along with their

larger electrical conductivity and thus smaller resistive losses, contributed to the smaller

instantaneous and time-averaged irreversible heat generation rates at electrodes made of

Ti2Nb2O9 nanoparticles than those made of Ti2Nb2O9 microparticles at any given C-rate,

as determined by operando isothermal calorimetry.
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CHAPTER 3

Superior electrochemical performance and reduced

heat generation in 3D printed vs. 2D tape-casted

NMC622 electrodes

This chapter aims to compare the thermodynamics behavior and the heat generation rates

in 3D printed electrodes with those in conventional slurry-casted electrodes made with the

same lithium manganese nickel cobalt oxide LiNi0.6Mn0.2Co0.2O2 (NMC622) slurry. This

compound was chosen because it has been widely adopted as a cathode material in com-

mercial batteries for not only its stability but also its large specific capacity and rate perfor-

mance [147, 148]. This chapter provides insight into the energy losses and heat dissipation

mechanisms in 3D printed electrodes, particularly during fast charging.

3.1 Background

3.1.1 Additive manufacturing techniques for electrode fabrication

3.1.1.1 3D printing of active material mixtures

In recent years, substantial attention has been paid to applications of novel additive man-

ufacturing techniques such as 3D printing in the electrode fabrication process, with rapid

progress in multiple areas for different anode, cathode, and pseudocapacitive materials [107].

The first approach consists of printing a mixture of active materials. For example, Fu et

al. [104] produced inks for 3D printing of electrodes where the raw materials consisted of

lithium iron phosphate (LFP) or lithium titanium oxide (LTO) mixed with graphene oxide
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(GO). The corresponding ink viscoelasticity was optimized for extrusion-based fabrication.

The resulting 3D printed electrodes exhibited promising specific capacity, rate performance,

and cycling stability. In a similar study, Drews et al. [149] presented a silicon/graphite

blend slurry designed for 3D printed electrodes of interdigitated microbatteries, which also

recorded excellent cycling performance. Moreover, Zhao et al. [150] described a fabrication

method of graphene-based composite aerogel microlattices built upon 3D printing. In fact,

graphene/ZnV2O6@Co3V2O8 and graphene/vanadium nitride (VN) electrodes prepared ac-

cording to the porous microlattice structure achieved superior energy and power densities

than other conventionally fabricated pseudocapacitive electrodes. Finally, Zhu et al. [151]

proposed a direct ink writing procedure utilizing concentrated inks featuring low electrical

resistivity, submillimeter particle size, and high mechanical stability. The process was used

to produce a 1 mm-thick zinc electrode with sizeable areal and volumetric capacity without

significant microstructural degradation during long-term cycling.

3.1.1.2 3D printing of precursor material mixtures

3D printing can also be performed using a mixture of precursor materials. For instance, Zhu

et al. [105] created a mixture containing graphene oxide (GO) precursor to form graphene

composite aerogel electrodes with a composite microlattice structure. These electrodes dis-

played excellent capacity even under high currents and power densities comparable to 10

times thinner slurry-casted electrodes. Similarly, Yao et al. [152] prepared a 3D printing

ink by combining cellulose nanocrystals (CNC) and a silica microsphere suspension. The

resulting multiscale porous carbon aerogel electrodes achieved capacitance of 149 F/g at 5

mV/s and 71 F/g at 200 mV/s when tested at -70 °C. These capacitance values were 6.5

times higher than slurry-casted electrodes. In contrast to these pseudocapacitive electrodes,

Idrees et al. [153] proposed a novel porous carbon (PC)/silicon oxycarbide (SiOC) compos-

ite for 3D printing into anodes for zinc-ion batteries. Thanks to the interpenetrated SiOC

network within the PC, the electrodes enjoyed not only improved transport properties but

also uniform nucleation of zinc ions within the voids. As a result, the superior capacity of

the electrodes was accompanied by significantly reduced dendrite formation, thus extend-
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ing their cycle life. In the case of sodium-ion batteries, Brown et al. [154] demonstrated a

3D printing ink consisting of ammonium thiomolybdate mixed with graphene oxide (GO)

nanosheets. This produced MoS2-graphene aerogel electrodes with excellent specific capacity

along with fast and highly reversible sodium ion transport. As such, when utilized as anodes

for sodium-ion batteries these samples showed outstanding rate performance and cycling

stability.

3.1.1.3 Deposition of active materials on 3D printed aerogels

Another 3D printing technique relies on depositing active materials on separately 3D printed

and patterned aerogels to generate the desired electrodes for different types of supercapacitor

or battery chemistries. Yao et al. [106, 155] demonstrated (i) cathodes made of 3D printed

graphene aerogels with high mass loading of deposited MnO2 and (ii) anodes made of 3D

printed graphene aerogels with high density of surface functional groups. When paired to-

gether, the full supercapacitor device achieved excellent energy and power densities, where

the primary charge storage mechanism came from redox reactions with fast kinetic pro-

cesses. More recently, Lin et al. [156] manufactured 3D printed graphene aerogels with both

sparsely separated exterior ligaments to create large open channels for mass transport and

densely arranged interior ligaments to provide large ion-accessible active surface. Similar ap-

proaches have been used to produce (i) sulfur cathodes in lithium-sulfur batteries [157], (ii)

lithium anodes in lithium-lithium iron phosphate (LFP) batteries [158], (iii) sodium anodes

in sodium-ion batteries [159], and (iv) zinc anodes in zinc-ion batteries [160]. In general,

the controlled deposition of active materials on intricately designed 3D printed hosts not

only enabled high mass loading and excellent transport kinetics but also mitigated dendrite

formation by virtue of the more uniform ion nucleation on the electrode/electrolyte interface.

3.1.1.4 3D printing of NMC materials

For the NMC group of materials akin to the NMC622 investigated in the present study, there

have been previous attempts to utilize 3D printing. Martinez et al. [161] employed a vat
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photopolymerization precursor procedure to synthesize NMC111 electrodes with complex

shapes and submicron features which maintained adequate mechanical rigidity. Tao et al.

[162] used a conformal heat-drying direct ink writing process to produce NMC811 electrodes

with enhanced rate performance (144 mAh/g at 3C) and cycling stability (60% capacity

recovered after 800 cycles at 1C). The rising number of experimental studies featuring 3D

printed electrodes has also prompted several numerical modeling efforts [163–165]. These

studies sought to quantitatively elucidate the reasons of performance enhancement obtained

with additive manufacturing techniques in order to propose design rules and optimization

strategies.

3.2 Materials and methods

3.2.1 Electrode and device fabrication

In this study, 3D printed NMC622 electrodes were prepared using an ink consisting of

NMC622 powder (Targray), conductive carbon (Super C65 Carbon Black Conductive Addi-

tive, MSE Pro), and polyvinylidene fluoride (Solef 5140 PVDF, Solvay) with a mass ratio of

90:5:5. Here, both NMC622 and conductive carbon powders were ground with mortar and

pestle before being added to a solution of 8 wt% PVDF in N-methyl-2-pyrrolidone (NMP)

solvent. The final solvent content of the slurry was 29 wt%. The slurry was then filtered us-

ing a stainless steel 300 × 300 mesh with 0.0021-inch opening size before being printed on an

aluminum foil current collector using a Hyrel 3D printer (Engine High Resolution). Specifi-

cally, 10 mm × 10 mm squares with zig-zag line patterns were printed with nozzle diameter

of 0.2 mm, speed of 180 mm/min, and hatch spacing of 0.4 mm, resulting in electrodes with

an active material mass loading around 5 mg/cm2.

As a reference, 2D tape-casted NMC622 electrodes were prepared with the same proce-

dure, except that additional NMP solvent was added to the slurry for a final solvent content

of 58 wt% to facilitate uniform casting. Then, the slurry was casted using a tape caster with

thickness of 150 µm to obtain electrodes with an active material mass loading also around 5
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mg/cm2. Finally, both 3D printed and 2D tape-casted NMC622 electrodes were dried in a

vacuum oven at 80 °C overnight. The approximately uniform thickness of the 2D tape-casted

electrodes was around 34 µm.

One set of each type of electrodes was cut using a 0.5-inch diameter hole punch to

assemble CR2032 coin cells for potentiometric entropy measurements. Here, the coin cells

consisted of (i) a 3D printed or a 2D tape-casted NMC622 working electrode, (ii) lithium

metal (MTI, 99.9%) as the counter electrode (250 µm thickness, 16 mm diameter), (iii) a 25

µm thick PP-PE-PP trilayer microporous membrane (Celgard 2325) as the separator, and

(iv) 1.2 M LiPF6 in EC:EMC 3:7 w/w (Soulbrain MI) electrolyte. Note that two pieces of

500 µm thick stainless steel spacers and one wave spring were used in the cell assembly. The

coin cells were assembled in a glove box containing Ar gas with less than 0.5 ppm of O2 and

H2O.

Another set of each type of electrodes was cut into 1 cm × 1 cm square to be used in

operando isothermal calorimetry. Here, the so-called calorimetric cells consisted of (i) a 3D

printed or a 2D tape-casted NMC622 working electrode, (ii) a 1 cm × 1 cm polished lithium

metal (Sigma Aldrich, 99.9%) piece 750 µm in thickness serving as the counter electrode,

(iii) a 670 µm thick glass microfiber filter sheet (Whatman GF/D) acting as the separator

and thermal insulator, and (iv) 1.2 M LiPF6 in EC:EMC 3:7 w/w (Soulbrain MI) electrolyte.

The calorimetric cells were also assembled in a glove box containing Ar gas with less than

0.5 ppm of O2 and H2O.

3.2.2 Potentiometric entropy measurements and operando isothermal calorime-

try

Potentiometric entropy measurements and operando isothermal calorimetry followed the

same procedures as those described in our previous studies [1, 59, 60, 166]. For potentio-

metric entropy measurements, a series of constant current pulses was imposed to the coin

cell corresponding to a C-rate of C/10 at 20 °C. Each current pulse lasted 30 minutes followed

by a relaxation period of 270 minutes. Towards the end of each relaxation period, a step-like

41



temperature profile was applied to the coin cell from 15 °C to 25 °C in 5 °C increments with

a thermoelectric cold plate (TE technology, CP-121). The corresponding coin cell potential

evolution was simultaneously recorded by a high accuracy potentiostat (BioLogic, VSP-300).

For operando isothermal calorimetry, galvanostatic cycling was imposed to the calori-

metric cell using a high accuracy potentiostat (BioLogic, SP-150). The instantaneous heat

generation rates at the working electrode made of 3D printed or 2D tape-casted NMC622

and at the lithium metal counter electrode were measured simultaneously using 1 cm × 1 cm

thermoelectric heat flux sensors (greenTEG, gSKIN-XP) in thermal contact with the back

of each electrode. Note that the calorimeter operated under isothermal conditions and the

thermal mass of the electrodes were small so that the electrode temperature was uniform

and constant over time despite heat generation.

3.3 Results and discussion

3.3.1 Electrode morphology

Figure 3.1 shows the scanning electron microscopy (SEM) images of (a, b, c) 3D printed

or (d, e, f) 2D tape-casted NMC622 electrodes with the broad view, the top view, and

the cross-sectional view, respectively. Every ribbon line of the 3D printed electrodes had

an average width of 240 µm and an average height of 50 µm, while the 2D tape-casted

electrodes had an approximately uniform thickness of 34 µm. Both types of electrodes were

laid on an aluminum foil current collector around 15 µm in thickness. Here, we assume

that the material in both types of electrodes had identical porosity and effective density. In

addition, the cross-sectional geometry of the 3D printed electrodes is modeled as a parabola

with a width of 240 µm and a height of 50 µm, while the 2D tape-casted electrodes have a

rectangular cross-section with a height of 34 µm equal to the electrode thickness. Finally, the

length perpendicular to the cross-section is also the same between both types of electrodes.

Overall, calculated according to these geometries, the 3D printed electrodes had nearly 15%

larger exterior surface area exposed to the electrolyte per unit volume of the bulk electrode
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Figure 3.1: Scanning electron microscopy (SEM) images of (a, b, c) 3D printed or (d, e, f) 2D

tape-casted NMC622 electrodes with the broad view, the top view, and the cross-sectional

view, respectively.
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than the 2D tape-casted electrodes. It was also observed that the NMC622 particles in

the 3D printed electrodes were more concentrated in the outer than in the inner region of

the ribbon lines, as established from the varying textures in Figure 3.1(c). By contrast,

for the 2D tape-casted electrodes shown in Figure 3.1(f), the NMC622 particles were more

homogeneously distributed. As a result, the 3D printed electrodes featured reduced diffusion

length required to reach the NMC622 particles, which could improve the utilization rate of

the NMC622 active materials, particularly under faster cycling conditions.

3.3.2 Potentiometric entropy measurements

Figure 3.2 plots the cell potential V (x, T ), open-circuit voltage UOCV (x, T ), and entropic po-

tential ∂UOCV (x, T )/∂T of the coin cells with working electrodes made of (a, c) 3D printed

or (b, d) 2D tape-casted NMC622 as functions of lithium composition x during (a, b) delithi-

ation and (c, d) lithiation at C-rate of C/10. Here, the NMC622 mass loading of the 3D

printed and 2D tape-casted NMC622 electrodes was 4.7 and 5.4 mg/cm2, respectively. First,

within the same potential window from 2.5 to 4.2 V vs. Li/Li+, the range of lithium com-

position x was almost identical between the two cells, i.e., 0 < x < 0.6. This corresponds to

a specific capacity of 166 mAh/g consistent with that reported in other studies [147,148].

Furthermore, the similar evolutions of UOCV (x, T ) and ∂UOCV (x, T )/∂T for both cells

indicate the same charge storage mechanisms during both delithiation and lithiation. In

Region I (0 < x < 0.2), UOCV (x, T ) increased monotonously and ∂UOCV (x, T )/∂T mostly

decreased corresponding to lithium deintercalation in a homogeneous solid solution [53]. A

similar behavior was observed in Region III (0.4 < x < 0.6), where the increasing UOCV (x, T )

and the decreasing ∂UOCV (x, T )/∂T were again associated with lithium ion deinsertion in

a homogeneous solid solution [53]. Finally, in the intermediate Region II (0.2 < x < 0.4),

UOCV (x, T ) increased with a reduced slope while ∂UOCV (x, T )/∂T increased rapidly. In-

terestingly, Region II coincided with the so-called transition from a hexagonal (H1) phase

(Region I) to another hexagonal (H2) phase (Region III) through a monoclinic (M) phase, as

described in Ref. [148]. In contrast to a typical transformation between two fundamentally
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Figure 3.2: Cell potential V (x, T ), open-circuit voltage UOCV (x, T ), and entropic potential

∂UOCV (x, T )/∂T of coin cells with working electrodes made of 3D printed or 2D tape-casted

NMC622 as functions of lithium composition x during delithiation and lithiation at C-rate

of C/10.
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distinct phases, here the transition only caused a minor increase in the c lattice parameter

of NMC622 during delithiation. This resulted in a slight gliding between adjunct transition

metal-oxygen layers and a slight repulsion of neighboring oxygen layers [148]. Nevertheless,

this structural distortion likely shifted the configurational entropy which in turn resulted in

an increase in ∂UOCV (x, T )/∂T [53].

Figure 3.3 plots the entropic potential ∂UOCV (x, T )/∂T of the coin cells as a function of

open-circuit voltage UOCV (x, T ) during (a) delithiation and (b) lithiation at C-rate of C/10

for working electrodes made of (c) 3D printed or (d) 2D tape-casted NMC622. This so-called

entropic potential profile, first proposed by Hudak et al. [141], enables a direct comparison

between the thermodynamics behavior of different cells. In fact, this profile eliminates inter-

ferences from factors such as specific capacity differences, lithiation/delithiation hysteresis,

and specific capacity loss from trapped lithium ions and/or increasing kinetic barriers over

cycles. Here, Figures 3.3(a) and 3.3(b) indicate that the entropic potential profiles of both

cells overlapped with negligible discrepancy during both delithiation and lithiation. In addi-

tion, Figures 3.3(c) and 3.3(d) establish that the entropic potential profiles of both types of

NMC622 electrodes were highly reversible between delithiation and lithiation. Only minor

hysteresis existed at potentials above 3.8 V previously identified as Region III and associated

with lithium deintercalation within the H2 phase.

The GITT procedure as part of potentiometric entropy measurements can also inform

transport phenomena within the cells. First, it is evident from Figure 3.2 that both cells

exhibited very small overpotential [V (x, T ) − UOCV (x, T )] and very small hysteresis in

UOCV (x, T ). Figure 3.4 plots the apparent diffusion coefficient DLi+(x, T ) of lithium ions

in the working electrodes made of 3D printed or 2D tape-casted NMC622 during (a) delithi-

ation and (b) lithiation calculated according to Equation (1.3). It indicates that the rate

of lithium ion transport in both samples was relatively consistent throughout the entire

range of lithium composition x. Overall, the 3D printed NMC622 electrodes showed slightly

less overpotential and slightly enhanced apparent diffusion coefficient compared to the 2D

tape-casted NMC622 electrodes. In order to observe the effects of the larger electrical con-

ductivity and/or faster lithium ion transport in 3D printed vs. 2D tape-casted NMC622
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Figure 3.3: Entropic potential ∂UOCV (x, T )/∂T of coin cells as a function of open-circuit

voltage UOCV (x, T ) during delithiation and lithiation at C-rate of C/10 for working electrodes

made of 3D printed or 2D tape-casted NMC622.
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Figure 3.4: Apparent diffusion coefficient DLi+(x, T ) [Equation (1.3)] of lithium ions in the

working electrodes made of 3D printed or 2D tape-casted NMC622 during (a) delithiation

and (b) lithiation.
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electrodes [80], the cells should to be tested under faster cycling conditions using operando

isothermal calorimetry measurements.

3.3.3 Operando isothermal calorimetry

3.3.3.1 Cell potential

Figure 3.5 plots the temporal evolution of the potential V (t) of the calorimetric cells with

working electrodes made of (a) 3D printed or (b) 2D tape-casted NMC622 and lithium metal

counter electrodes were subjected to galvanostatic cycling within the potential window from

1.7 to 5.0 V vs. Li/Li+ at C-rates of 1C (around 0.8 mA/cm2), 2C, and 3C. Although

NMC622 is indeed a material with good rate performance compared to other cathode mate-

rials, an NMC622/lithium cell still typically shows visible capacity fade for C-rates exceeding

1C [167]. Therefore, the calorimetric cells were not tested at C-rates higher than 3C, as the

specific capacity at higher C-rates would be too small to be relevant in practice. Note that

this potential window was wider than that imposed in other measurements to account for the

increased amount of overpotential observed in the calorimeter due to the thicker separator.

Here, the NMC622 mass loading of the 3D printed and 2D tape-casted NMC622 electrodes

was 4.3 and 5.0 mg/cm2, respectively. Each colored region in Figure 3.5 corresponded to the

five consecutive galvanostatic cycles at each of the C-rates considered. It shows that the po-

tential V (t) of both cells was nonlinear, asymmetric between charging and discharging, and

repeatable at any given C-rate except for the first formation cycle. The duration of charging

or discharging half-cycles were denoted respectively by tc or td [Figure 3.5(c)]. Higher C-rates

led not only to faster charging and discharging rates but also to smaller specific capacity.

Moreover, the cycle period tcd = tc+ td and thus the specific capacity of the cell with the 3D

printed NMC622 electrode was longer than that with the 2D tape-casted NMC622 electrode

and did not decrease as much with increasing C-rate. Figure 3.5(d) compares the specific

capacity of charging or discharging half-cycles, denoted respectively by Cm,c or Cm,d, for

the two cells at various C-rates. It reveals the superior rate performance of the 3D printed

NMC622 electrode. Note that the absolute values of capacity shown in Figure 3.5(d) is rela-
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Figure 3.5: Temporal evolution of potential V (t) of calorimetric cells with working electrodes

made of (a) 3D printed or (b) 2D tape-casted NMC622 and lithium metal counter electrodes,

for five consecutive galvanostatic cycles within the potential window from 1.7 to 5.0 V vs.

Li/Li+ at C-rates of 1C, 2C, and 3C. (c) Duration of charging tc or discharging td half-cycles

and (d) specific capacity Cm,c of charging or Cm,d of discharging half-cycles during operando

isothermal calorimetry.
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tively small since the thicker separator serving as thermal insulation between the electrodes

in the calorimetric measurements increased the total cell resistance and reduced the specific

capacity compared to most other cell configurations.

3.3.3.2 Instantaneous heat generation rates

Figure 3.6 plots the instantaneous heat generation rates (a, b) Q̇NMC(t) measured at the

working electrodes made of 3D printed or 2D tape-casted NMC622 and (c, d) Q̇Li(t) measured

at the respective lithium metal counter electrodes as functions of dimensionless time t/tcd

averaged over the last three consecutive cycles at C-rates of 1C, 2C, and 3C. Note that the

measurements of Q̇NMC(t) and Q̇Li(t) were repeatable cycle after cycle. First, the magnitudes

of Q̇NMC(t) and Q̇Li(t) in both cells followed similar temporal behavior and increased with

increasing C-rate. More importantly, Figures 3.6(a) and 3.6(b) indicate that, at any given

C-rate, Q̇NMC(t) was larger by nearly a factor of 2 at the working electrode made of 2D

tape-casted NMC622 than at that made of 3D printed NMC622 with similar mass loading.

Furthermore, Q̇NMC(t) in both cells not only decreased at the start of delithiation but also

increased towards the end of lithiation. This could be attributed to the increasing electrical

resistivity of NMC622 with lithiation [147,148], resulting in increasing Joule heating.

Figures 3.6(c) and 3.6(d) establish that the heat generation rate Q̇Li(t) of the lithium

metal counter electrode was nearly the same in either cell at any given C-rate. In addition,

Q̇Li(t) remained relatively constant during delithiation of NMC622. This could be attributed

to the constant electrical resistivity of lithium metal [1, 60, 166] and the continuous process

involving endothermic desolvation of lithium ions prior to the exothermic plating of the

lithium metal counter electrode. By contrast, Q̇Li(t) increased towards the end of lithiation of

NMC622. This was possibly due to the onset of exothermic ion pairing [1,60,166] in addition

to the endothermic lithium ion stripping followed by exothermic lithium ion solvation at the

lithium metal counter electrode. The transition between the endothermic desolvation and the

exothermic solvation events explained the upturn in Q̇Li(t) when switching from delithiation

to lithiation of NMC622, and vice versa. Similar phenomena were also observed in our
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Figure 3.6: Instantaneous heat generation rates (a, b) Q̇NMC(t) measured at the working

electrodes made of 3D printed or 2D tape-casted NMC622 with similar mass loading and

(c, d) Q̇Li(t) measured at the respective lithium metal counter electrodes as functions of

dimensionless time t/tcd averaged over the last three consecutive cycles at C-rates of 1C, 2C,

and 3C.
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previous studies with PNb9O25 [1], Ti2Nb2O9 [60], or (W0.2V0.8)3O7 [166] working electrodes

and lithium metal counter electrodes.

3.3.3.3 Total heat generation rate of the cell

Figure 3.7 plots the measured total heat generation rate Q̇T (x, T ) in the calorimetric cells

with working electrodes made of (a, b) 3D printed or (c, d) 2D tape-casted NMC622 and

lithium metal counter electrodes as a function of lithium composition x during delithia-

tion and lithiation at C-rate of 1C. Here, the measured cell potential V (x, T ) and open-

circuit voltage UOCV (x, T ) were also plotted. Figure 3.8 shows that the overpotential

[V (x, T ) − UOCV (x, T )] was smaller in the cell with 3D printed NMC622 than that with

2D tape-casted NMC622. This demonstrates that, under such faster cycling conditions, the

cell with 3D printed NMC622 achieved smaller internal resistance, which can be associated

with smaller electrode/electrolyte interfacial resistance due to faster interfacial kinetics, as

well as smaller mass transfer resistance due to faster lithium ion transport. Figure 3.7 also

shows the heat generation rates Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) predicted according

to Equations (1.6) and (1.7). Note that the values of UOCV (x, T ) and ∂UOCV (x, T )/∂T

previously determined by potentiometric entropy measurements (Figure 3.2) were used as

the values of Uavg(x, T ) and ∂Uavg(x, T )/∂T in these equations. Here, the measured total

heat generation rate Q̇T (x, T ) agreed relatively well with the calculated heat generation rate

Q̇J(x, T ) + Q̇rev(x, T ). The contribution from Joule heating Q̇J(x, T ) was generally larger

in the cell with 2D tape-casted NMC622 than that with 3D printed NMC622. In addition,

in both cells Q̇J(x, T ) surged towards the end of lithiation due to the growing difference

between V (x, T ) and UOCV (x, T ) (Figure 3.2). Moreover, the reversible entropic heat gener-

ation Q̇rev(x, T ) was endothermic during delithiation and exothermic during lithiation, since

∂UOCV (x, T )/∂T always carried a negative value. Nevertheless, Q̇rev(x, T ) was found to be

negligible compared to Q̇J(x, T ) which dominated heat generation. The difference between

Q̇T (x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) originated from the irreversible exothermic enthalpy of

mixing Q̇mix(x, T ) due to ion concentration gradients.
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Figure 3.7: Measured total heat generation rate Q̇T (x, T ), along with heat generation rates

Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7), as

well as measured cell potential V (x, T ) and open-circuit voltage UOCV (x, T ) as functions of

lithium composition x during delithiation and lithiation at C-rate of 1C in calorimetric cells

with working electrodes made of 3D printed or 2D tape-casted NMC622 and lithium metal

counter electrodes.
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Figure 3.8: Overpotential calculated according to [V (x, T ) − UOCV (x, T )] as functions of

state of charge during delithiation and lithiation at C-rate of 1C in calorimetric cells with

working electrodes made of 3D printed or 2D tape-casted NMC622 and lithium metal counter

electrodes.
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3.3.3.4 Time-averaged heat generation rates

Figure 3.9(a) plots the time-averaged irreversible heat generation rates ¯̇Qirr,NMC and ¯̇Qirr,Li

as functions of current I for calorimetric cells with working electrodes made of 3D printed or

2D tape-casted NMC622. First, ¯̇Qirr,NMC and ¯̇Qirr,Li in both cells increased with increasing

current I. Specifically, least squares fitting revealed that both ¯̇Qirr,NMC and ¯̇Qirr,Li increased

quadratically with respect to current I, i.e., ¯̇Qirr,NMC ∝ I2 and ¯̇Qirr,Li ∝ I2. This suggests

that in both cells Joule heating dominated the irreversible heat generation at both electrodes.

Furthermore, for any given current I, ¯̇Qirr,Li was similar in both cells as observed in Figures

3.6(c) and 3.6(d). Indeed, each lithium metal counter electrode was cut from the same piece

into the same size and therefore should have approximately the same resistance. By contrast,

for any given current I, ¯̇Qirr,NMC was larger at the working electrode made of 2D tape-casted

NMC622 than at that made of 3D printed NMC622 with similar mass loading. This could

be due to the fact that the electrical resistivity was larger and the lithium ion transport was

slower in 2D tape-casted NMC622 than in 3D printed NMC622.

In fact, Figure 3.9(b) plots the half-cell resistances estimated as Rave,NMC = ¯̇Qirr,NMC/I
2

and Rave,Li =
¯̇Qirr,Li/I

2 at constant C-rate. While the resistance Rave,Li of the lithium metal

counter electrode was nearly the same between the two cells, the resistance Rave,NMC was

larger for the half-cell with 2D tape-casted than that with 3D printed NMC622 working

electrode. In addition, Figure 3.9(c) plots the cell resistance RGC calculated from the IR

drop [Equation (2.2)] in the calorimetric cells with working electrodes made of 3D printed or

2D tape-casted NMC622 at the end of the lithiation or delithiation steps during cycling at

constant current I. Here also, the resistance RGC of the cell with 2D tape-casted NMC622

was systematically larger than that with 3D printed NMC622. Both sets of independently

obtained results were consistent, as the sum of half-cell resistances Rave,NMC and Rave,Li [Fig-

ure 3.9(b)] was within the range of cell resistances RGC,l and RGC,d in lithiated or delithiated

state [Figure 3.9(c)].
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Figure 3.9: (a) Time-averaged irreversible heat generation rates ¯̇Qirr,NMC and ¯̇Qirr,Li as

functions of current I. (b) Half-cell resistances Rave,NMC and Rave,Li and (c) cell resistances

RGC,l and RGC,d in lithiated or delithiated state [Equation (2.2)] for calorimetric cells with

working electrodes made of 3D printed or 2D tape-casted NMC622 under constant current

cycling.
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Figure 3.10: Specific net electrical energy loss ∆Ee/Cm [Equation (1.12)] and specific total

thermal energy dissipated QT/Cm [Equation (1.11)] per unit charge stored, as well as pre-

dicted contributions from Joule heating QJ/Cm and enthalpy of mixing Qmix/Cm, averaged

over the last three consecutive charging/discharging cycles for calorimetric cells with working

electrodes made of (a) 3D printed or (b) 2D tape-casted NMC622 and lithium metal counter

electrodes.
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3.3.3.5 Energy balance

Figure 3.10 plots the specific net electrical energy loss ∆Ee/Cm [Equation (1.12)] and the

specific total thermal energy dissipated QT/Cm [Equation (1.11)] per unit charge stored,

as well as the predicted contributions from Joule heating QJ/Cm and enthalpy of mixing

Qmix/Cm, averaged over the last three consecutive charging/discharging cycles for calori-

metric cells with working electrodes made of (a) 3D printed or (b) 2D tape-casted NMC622

and lithium metal counter electrodes. Note that each term was divided by the specific ca-

pacity Cm of the cell to correct for any difference in mass loading. Here, for both cells at any

given current I, the specific total dissipated thermal energy QT/Cm measured by operando

isothermal calorimetry fell within experimental uncertainty of the specific net electrical en-

ergy loss ∆Ee/Cm measured by the potentiostat. In other words, the net electrical energy

loss was entirely dissipated in the form of heat. These results confirm the accuracy of our

measurements. As expected, the contributions of each energy dissipation mechanism in-

creased with increasing C-rate in both cells. However, the cell with the 3D printed NMC622

electrode displayed 33% less thermal energy dissipation per unit charge stored than that with

the 2D tape-casted NMC622 electrode. These results demonstrate that the novel 3D print-

ing technology produced NMC622 electrodes with improved ionic transport and enhanced

electronic transport resulting in superior specific capacity and significantly reduced heat gen-

eration. These features make 3D printed electrodes particularly attractive for fast charging

applications, requiring less stringent thermal management to prevent thermal runaway, thus

enhancing safety during operation.

3.4 Chapter summary

This chapter compares the thermodynamics behavior, ion transport, and energy dissipation

in NMC622 electrodes made by a novel 3D printing technology with those made by the

conventional 2D tape casting procedure. Potentiometric entropy measurements indicated

that both types of electrodes had similar thermodynamics behavior. They both underwent

lithium deintercalation in a homogeneous solid solution of NMC622 followed by a transi-
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Figure 3.11: Scanning electron microscopy (SEM) images of (a, b, c) 3D printed or (d, e, f)

2D tape-casted NMC622 electrodes with the broad view, the top view, and the cross-sectional

view, respectively, as recovered after being cycled during operando isothermal calorimetry.

These images did not show visible signs of issues including structural deformation, blocking

of diffusion pathways, and parasitic reactions such as the formation of cathode-electrolyte

interphase (CEI), lithium plating, or oxygen evolution reactions.
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tion from a hexagonal (H1) phase to another hexagonal (H2) phase through a monoclinic

(M) phase, as identified in other studies. Operando isothermal calorimetry revealed that,

at high C-rates, the 3D printed electrodes exhibited larger specific capacity and better rate

performance than the 2D tape-casted electrodes. This could be attributed to the larger

electrode/electrolyte interfacial surface area and electrical conductivity, and to the faster

lithium ion transport in the 3D printed electrodes. These attributes also contributed to the

smaller instantaneous heat generation rates and the reduced overall specific electrical energy

and thermal energy dissipation per unit charge stored at the 3D printed electrodes than at

the 2D tape-casted electrodes when tested under the same conditions. The superior elec-

trochemical performance and the reduced heat generation of 3D printed NMC622 electrodes

highlights the prospects of employing additive manufacturing techniques to create electrodes

for fast charging batteries.
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CHAPTER 4

Microcalorimetry electrothermal impedance

spectroscopy (ETIS) informs entropy evolution at

individual electrodes of PNb9O25 or TiNb2O7 battery

cells

This chapter presents a novel microcalorimetry electrothermal impedance spectroscopy

(ETIS) measurement method to rapidly determine the open-circuit voltage UOCV , the en-

tropic potential ∂UOCV /∂T , and the partial entropy changes at each electrode of a battery

cell. This new method uses an operando isothermal calorimeter capable of measuring the

instantaneous heat generation rates at individual electrodes with small mass loadings. After

validating the method using numerical simulations, it was demonstrated experimentally with

PNb9O25 or TiNb2O7 battery cells assembled in the calorimeter.

4.1 Background

4.1.1 Fast Fourier transform (FFT)

Fast Fourier transform (FFT) is an algorithm computing the discrete Fourier transform of

a sequence and converting it from time domain to frequency domain [168]. It is an effective

tool to reveal any periodically oscillating feature within a signal which may not be obvious

from its temporal evolution. For example, let us consider a signal which can be represented

by the function f(t) over time t such that,

f(t) = A0 + AAcos (2πfAt+ ϕA) + ABcos (2πfBt+ ϕB) + · · · (4.1)
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By applying FFT to f(t), the amplitudes (AA, AB, · · · ), frequencies (fA, fB, · · · ), and phase

angles (ϕA, ϕB, · · · ) of every sinusoidal term can be identified. Note that the phase angle

given by FFT has a range between -π and π.

4.1.2 Electrothermal impedance spectroscopy (ETIS)

Previously, multiple characterization techniques have been developed to enable the simul-

taneous analysis of both electrochemical and thermal behavior of electrical energy storage

systems. For example, Hess et al. [169] designed an in situ simultaneous thermal analysis

(STA) cell for electric double layer capacitors. This technique monitors the change in heat

flow, mass loss, resistance, and capacitance within electric double layer capacitors during

operation. It was employed to investigate the impact of operating voltage and temperature

on the cycling degradation of electric double-layer capacitors and on the associated thermal

processes occurring within the devices [169–171]. Similarly for LIBs, Schmidt et al. [109]

first proposed ETIS as an alternative to the time-consuming potentiometric entropy mea-

surements based on GITT. The ETIS method consists of imposing on a battery cell a current

I(t) with a very small constant offset I0 and a sinusoidal oscillation with amplitude I1 at

frequency f1, i.e.,

I(t) = I0 + I1sin (2πf1t) . (4.2)

Note that I0 is small enough to be negligible compared to I1, i.e., |I0| ≪ |I1|. Under such

conditions, the irreversible Joule heating Q̇J(t) can be expressed as [109],

Q̇J(t) = I(t)2R ≈ −I1
2R

2
cos (4πf1t) +

I1
2R

2
(4.3)

where R is the internal resistance of the battery cell. Similarly, the reversible entropic heat

generation rate Q̇rev(t) can be written as [109],

Q̇rev(t) = I(t)Tm
∂UOCV

∂T
(x, T ) ≈ I1Tm

∂UOCV

∂T
(x, T )sin (2πf1t) (4.4)

where Tm is the measured cell temperature averaged over the sinusoidal period.

The measured instantaneous temperature response Tcell(t) of the battery cell can be
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expressed as [109],

Tcell(t) = Tamb +∆TJ(t) + ∆Trev(t) (4.5)

where Tamb is the ambient temperature (assumed to be constant) while ∆TJ(t) and ∆Trev(t)

are the cell temperature changes due to irreversible Joule heating and reversible entropic

heat generation, respectively. The thermal impedance Zth(f) (in K/W) of a battery cell at

frequency f can be defined as,

Zth(f) =
Tcell(f)− Tamb(f)

Q̇T (f)
=

∆TJ(f) + ∆Trev(f)

Q̇J(f) + Q̇rev(f)
. (4.6)

Note that in the frequency domain, Tamb(f) = 0 unless f = 0. As such, the cell temperature

changes ∆TJ(t) and ∆Trev(t) were related to the heat generation rates Q̇J(t) and Q̇rev(t)

through the thermal impedance Zth(f) of the battery cell such that [109],

∆TJ(t) = −I1
2R

2
|Zth(2f1)| cos [4πf1t+ ϕZth

(2f1)] +
I1

2R

2
|Zth(2f1)| , and (4.7)

∆Trev(t) = I1Tm
∂UOCV

∂T
(x, T ) |Zth(f1)| sin [2πf1t+ ϕZth

(f1)] (4.8)

where the thermal impedance Zth(f) can be defined as a frequency-dependent complex func-

tion with magnitude |Zth(f)| and phase difference ϕZth
(f) at frequency f . Here, the sinu-

soidal oscillations within ∆TJ(t) and ∆Trev(t) have distinct frequencies 2f1 and f1, respec-

tively. Thus, they can be distinguished in the frequency domain by applying FFT to the

measured Tcell(t). In fact, Schmidt et al. [109] expressed the amplitude AT (2f1) associated

with the temperature oscillation at frequency 2f1 as,

AT (2f1) =
I1

2R

2
|Zth(2f1)| (4.9)

and AT (f1) at frequency f1 as,

AT (f1) = I1Tm
∂UOCV

∂T
(x, T ) |Zth(f1)| . (4.10)

As a result, the internal resistance R can be retrieved from the FFT output AT (2f1) as,

R =
2

I1
2 |Zth(2f1)|

AT (2f1). (4.11)
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Similarly, the entropic potential [∂UOCV /∂T ](x, T ) can be obtained from the FFT output

AT (f1) as,
∂UOCV

∂T
(x, T ) =

1

I1Tm |Zth(f1)|
AT (f1). (4.12)

To obtain the thermal impedance magnitudes |Zth(2f1)| and |Zth(f1)|, the following pro-

cedure was suggested [109]. First, the entropic potential of the battery cell at a given

state of charge (SOC) is predetermined by potentiometric entropy measurements based on

GITT at four different temperatures. Then, the battery cell is set to this SOC and ex-

cited with a sinusoidal current at frequency 2f1. As the entropic potential at this SOC is

known, the reversible entropic heat generation rate Q̇rev(t) can be calculated using Equa-

tion (4.4). Simultaneously, the instantaneous temperature response Tcell(t) of the battery

cell is measured. Subsequently, both the measured Tcell(t) and the calculated Q̇rev(t) are

analyzed by FFT. This identifies the amplitudes of the sinusoidal oscillations at frequency

2f1 within Tcell(t) and Q̇rev(t). Finally, the thermal impedance magnitude |Zth(2f1)| arises

as the ratio of these two amplitudes, i.e., |Zth(2f1)| = |Tcell(2f1)| /
∣∣∣Q̇rev(2f1)

∣∣∣. The same

procedure is repeated at frequency f1 to obtain the thermal impedance magnitude |Zth(f1)|,

i.e., |Zth(f1)| = |Tcell(f1)| /
∣∣∣Q̇rev(f1)

∣∣∣.
Overall, this method was successfully demonstrated on commercial cylindrical and pouch

cells with capacities around 1 Ah [109]. The retrieved entropic potential [∂UOCV /∂T ](x, T )

agreed with that determined by potentiometric entropy measurements based on GITT, and

the measurement duration was shortened from several days to a few hours [109]. Nevertheless,

in practice this method becomes unnecessarily complicated because of the requirement to

measure the temperature. First, accurate values of the thermal impedance magnitudes

|Zth(2f1)| and |Zth(f1)|must be obtained. The thermal impedance serves as the only available

relationship from the measured temperature response Tcell(t) back to the heat generation

rates Q̇J(t) and Q̇rev(t) in the battery cell which are not directly measured. However,

several studies have illustrated that the thermal impedance can vary substantially with

minor changes in ambient temperature [108] and ambient relative humidity [172]. Thus,

consistent conditions must be maintained for the duration of the experiment. For example,

throughout their experiment, Schmidt et al. [109] placed the battery cell and mounted the
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temperature sensor in the same positions. Furthermore, the entire setup was housed in an

incubator to ensure constant ambient temperature and ambient relative humidity. Moreover,

the imposed sinusoidal current needs to have large amplitude (on the order of amperes) and

low frequency (on the order of millihertz) to create temperature oscillations on the order

of a few degrees Celsius which are detectable by conventional temperature sensors [109].

These criteria are challenging for battery cells with large thermal conductivity and/or large

specific heat capacity, as a larger heat generation rate is required to induce sufficiently large

temperature oscillations [108].

To address these drawbacks, Hu et al. [173, 174] attempted to eliminate the step of

retrieving the heat generation rate from the measured temperature response. Instead, they

directly measured the total heat generation rate Q̇T (t) using an isothermal calorimeter at

temperature Tm [173, 174]. The imposed current I(t) was given by Equation (4.2) and

Q̇T (t) was expressed as the sum of Q̇J(t) and Q̇rev(t) given by Equations (4.3) and (4.4),

respectively. Therefore, after applying FFT to the measured Q̇T (t), they expressed the

amplitude AQ(2f1) associated with the heat generation rate oscillation at frequency 2f1 as,

AQ(2f1) =
I1

2R

2
(4.13)

and AQ(f1) at frequency f1 as,

AQ(f1) = I1Tm
∂UOCV

∂T
(x, T ). (4.14)

Then, the internal resistance R and the entropic potential [∂UOCV /∂T ](x, T ) can be retrieved

from the FFT output AQ(2f1) and AQ(f1) as,

R =
2

I1
2AQ(2f1) (4.15)

∂UOCV

∂T
(x, T ) =

1

I1Tm
AQ(f1). (4.16)

This modified ETIS method was successfully demonstrated on a commercial LMO-

NMC/graphite pouch cell with a capacity of 25.9 Ah [173,174]. The isothermal calorimeter

measured the heat generation rate and retrieved the entropic potential of the entire pouch

cell. It simplified the experimental procedure and improved the accuracy of the retrieved
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entropic potential and internal resistance [173, 174]. However, the isothermal calorimeter

had a maximum measurement error of 0.67 W and a response time of at least a few sec-

onds [173, 174]. Thus, its most appropriate application is for commercial pouch cells with

mass loadings on the order of grams. However, in the discovery of novel LIB materials

in a laboratory setting, one typically synthesizes electrodes with mass loadings on the or-

der of a few mg/cm2 tested in coin cells with heat generation rates on the order of mi-

crowatts [1, 59, 60]. For coin cells, an isothermal calorimeter with considerably better sensi-

tivity and shorter response time is necessary to capture the instantaneous heat generation

rate typically featuring rapid fluctuations of relatively small magnitudes [69]. In addition,

measuring the heat generation rates at each electrode could be used to investigate their indi-

vidual partial entropy changes. This could provide insight into the thermodynamics behavior

of both the anode and the cathode and contribute in selecting the pair of electrodes for full

cells.

This study aims to develop a novel microcalorimetry ETIS measurement method to

quickly determine the open-circuit voltage UOCV and the entropic potential ∂UOCV /∂T of

battery cells with electrode mass loadings on the order of milligrams and fabricated in a

laboratory setting. This new method uses an operando isothermal calorimeter designed to

measure the instantaneous heat generation rates on the order of microwatts at individual

electrodes, making it the first method capable of investigating the partial entropy changes

at each electrode during cycling.

4.2 Analysis

4.2.1 Imposed current

Figure 4.1 shows the schematic of the new procedure developed to determine the open-

circuit voltage UOCV (x, T ) and the entropic potential [∂UOCV /∂T ](x, T ) of an LIB cell from

microcalorimetry ETIS measurements. The apparatus consists of the operando isothermal

calorimeter described in Ref. [69] and reproduced in Figure 4.2 for the sake of complete-
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Figure 4.1: Schematic of the procedure and experimental apparatus developed to determine

the open-circuit voltage UOCV (x, T ) and the entropic potential [∂UOCV /∂T ](x, T ) of an LIB

cell from the novel microcalorimetry ETIS measurements.
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Battery

Figure 4.2: Schematic of the operando isothermal calorimeter used in microcalorimetry ETIS

measurements.
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ness. Battery cells consisting of two bare electrodes cast on current collectors and two thick

separators impregnated with electrolyte are assembled in the calorimeter and cycled using

a high accuracy potentiostat. Instantaneous heat generation rates at individual electrodes

are measured by thermoelectric heat flux sensors in thermal contact with the back of each

electrode.

To complement previous studies [109,173,174], here we describe how to retrieve the open-

circuit voltage from the measured cell potential and the entropic potential as well as the

partial entropy changes at each electrode from the measured instantaneous heat generation

rates. The technique starts by imposing a current I(t) consisting of a constant offset I0 and

a sinusoidal function oscillating with amplitude I1 at frequency f1, i.e.,

I(t) = I0 − I1sin (2πf1t) = I0 + I1cos
(
2πf1t+

π

2

)
. (4.17)

As discussed in detail by Schmidt et al. [109], the choice of I0, I1, and f1 is a compromise

among several different considerations. Here, I0 is negative which slowly but continuously

discharges the battery cell. Note also that I0 should be negligible compared to I1, i.e.,

|I0| ≪ |I1|. However, a large magnitude of I0 results in faster discharging and thus quicker

measurements. Similarly, I1 should be large enough to ensure an adequate signal-to-noise

ratio in the measured oscillating heat generation rates. However, a small I1 is preferable as

(i) it maximizes the proportion of reversible entropic heat generation Q̇rev(t) compared to

Joule heating Q̇J(t) and (ii) it minimizes the sinusoidal variation in the lithium composition

x over a period. In fact, every data point of the open-circuit voltage UOCV (x, T ) and the

entropic potential [∂UOCV /∂T ](x, T ) retrieved by microcalorimetry ETIS measurements is

actually the time-average over a sinusoidal period of an oscillating variable function of x.

Therefore, this uncertainty can be alleviated by reducing the variation in x, which in turn

improves the resolution of the retrieved UOCV (x, T ) and [∂UOCV /∂T ](x, T ). In addition, f1

should be sufficiently large to acquire enough data points. Here also, a large frequency f1

shortens the period of every sinusoid, reduces the variation in x, and improves the resolution

of the retrieved results. However, every period needs to last at least a few seconds to provide

sufficient time for the periodically alternating redox reactions to occur within the battery
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cell. Finally, the phase angle of I(t) is chosen as π/2 such that (i) I(t) ≈ 0 at t = 0 to avoid

a sudden load on the potentiostat at the start of the measurements and (ii) I(t) is negative

during the first half-period to avoid overcharging the battery cell when it already begins in

fully charged (delithiated) state.

The elapsed time t (in s) can be converted into the lithium composition x in LixMA such

that,

x(t) = − xtheo∆q(t)

3600mCm,theo

= −
xtheo

∫ t

0
I(t

′
)dt

′

3600mCm,theo

. (4.18)

Here, ∆q(t) (in mC) is the amount of charge transferred to the battery cell between times 0

and t, I(t) (in mA) is the imposed current given by Equation (4.17), m (in g) is the mass

loading of active material MA, and Cm,theo (in mAh/g) is the theoretical specific capacity of

the intercalation compound corresponding to the theoretical lithium composition xtheo. For

example, in the case of a PNb9O25 working electrode, Cm,theo = 190 mAh/g assuming xtheo =

9 [1], while for a TiNb2O7 working electrode, Cm,theo = 388 mAh/g assuming xtheo = 5 [59].

4.2.2 Potential response and open-circuit voltage

Under the imposed current I(t) of Equation (4.17) and assuming |I0| ≪ |I1|, the measured

potential response V (t) can be expressed as,

V (t) = UOCV (x, T ) + I1 |Z(f1)| cos
[
2πf1t+

π

2
+ ϕZ(f1)

]
. (4.19)

Here, Z(f1) (in Ω) is the electrochemical impedance of the battery cell at frequency f1.

Note that Z(f1) is a complex number such that Z(f1) = Zre(f1) + iZim(f1). Alternatively,

Z(f1) can be described by its magnitude |Z(f1)| and phase difference ϕZ(f1), i.e., Z(f1) =

|Z(f1)| exp [iϕZ(f1)] [126,175]. Accordingly, the open-circuit voltage UOCV (xi, T ) at lithium

composition xi can be calculated by averaging the measured cell potential V (t) over a period

such that,

UOCV (xi, T ) =
1

t1

∫ it1

(i−1)t1

V (t
′
)dt

′
(4.20)

where t1 = 1/f1 is the period of I(t) and time t falls within this period from (i− 1)t1 to it1.

In other words, UOCV (x, T ) is considered equal to UOCV (xi, T ) for any lithium composition
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x between xi−1 and xi such that,

xi = −
xtheo

∫ it1
0
I(t

′
)dt

′

3600mCm,theo

. (4.21)

4.2.3 Heat generation rates

The total instantaneous heat generation rate Q̇T (t) in a battery cell can be divided into

several contributions including (i) Joule heating Q̇J(t), (ii) reversible entropic heat generation

Q̇rev(t), (iii) enthalpy of mixing Q̇mix(t), and (iv) heat generation due to side reactions Q̇sr(t),

i.e. [1, 59,60,63,77,78],

Q̇T (t) = Q̇J(t) + Q̇rev(t) + Q̇mix(t) + Q̇sr(t). (4.22)

The heat generation rate Q̇J(t) associated with irreversible resistive losses can be ex-

pressed as [1, 59,60,63,77,78],

Q̇J(t) = I(t) [V (t)− UOCV (x, T )] . (4.23)

Substituting I(t) given by Equation (4.17) (assuming |I0| ≪ |I1|) and V (t) given by Equation

(4.19) into Equation (4.23) yields,

Q̇J(t) =
I1

2

2
|Z(f1)| cos [4πf1t+ π + ϕZ(f1)] +

I1
2

2
|Z(f1)| cos [ϕZ(f1)] . (4.24)

Similarly, the reversible heat generation rate Q̇rev(t) due to entropic changes can be

expressed as [63,77,78],

Q̇rev(t) = I(t)T
∂UOCV

∂T
(x, T ). (4.25)

Here, T is the temperature of the battery cell imposed to be constant during operando

isothermal calorimetry. Although [∂UOCV /∂T ](x, T ) is a real number, for the convenience

of FFT analysis we describe it by its magnitude |[∂UOCV /∂T ](x, T )| and phase difference

ϕrev. Then, substituting I(t) given by Equation (4.17) into Equation (4.25) and assuming

|I0| ≪ |I1| yields,

Q̇rev(t) = I1T

∣∣∣∣∂UOCV

∂T
(x, T )

∣∣∣∣ cos(2πf1t+ π

2
+ ϕrev

)
. (4.26)
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Mathematically during discharging (lithiation) with negative I(t), if ϕrev ≈ 0 then

[∂UOCV /∂T ](x, T ) is positive and Q̇rev(t) is endothermic, or if ϕrev ≈ π then

[∂UOCV /∂T ](x, T ) is negative and Q̇rev(t) is exothermic.

Furthermore, Q̇rev(t) can be defined as the sum of the reversible heat generation rates at

the intercalation compound working electrode Q̇rev,MA(t) and at the metallic lithium counter

electrode Q̇rev,Li(t) such that Q̇rev(t) = Q̇rev,MA(t) + Q̇rev,Li(t) [1, 60]. Then, Q̇rev,MA(t) can

be expressed as,

Q̇rev,MA(t) =
I(t)T

e

∂sMA

∂x
(x, T ) =

I1T

e

∣∣∣∣∂sMA

∂x
(x, T )

∣∣∣∣ cos(2πf1t+ π

2
+ ϕrev,MA

)
. (4.27)

Here also, the partial entropy change at the intercalation compound working electrode

[∂sMA/∂x](x, T ) is a real number that can be described by its magnitude |[∂sMA/∂x](x, T )|

and its phase difference ϕrev,MA. Similarly, Q̇rev,Li(t) can be written as,

Q̇rev,Li(t) = −I(t)T
e

∂sLi
∂x

(x, T ) =
I1T

e

∣∣∣∣∂sLi∂x
(x, T )

∣∣∣∣ cos(2πf1t+ 3π

2
+ ϕrev,Li

)
. (4.28)

Finally, Q̇mix(t) is the heat generation rate associated with the enthalpy of mixing caused

by ion concentration gradients. Here, Q̇mix(t) is related to the local values of the partial molar

enthalpy and the concentration gradient of each ion species in the battery cell [63, 77, 78].

These parameters are difficult to know for any given location within the cell at any given

time. Therefore, an exact relationship between Q̇mix(t) and I(t) cannot be established.

Nevertheless, Q̇mix(t) is typically negligible at low C-rates [77], as assumed in the present

FFT analysis. Furthermore, the heat generation rate due to side reactions Q̇sr(t) is generally

neglected unless the battery cell is operating under extreme conditions [63,77,78,91].

4.2.4 Entropic potential and partial entropy changes

Substituting Equations (4.24) and (4.26) into Equation (4.22) yields,

Q̇T (t) = Atot(0) + Atot(f1)cos [2πf1t+ ϕtot(f1)] + Atot(2f1)cos [4πf1t+ ϕtot(2f1)] (4.29)
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where the terms Atot(0), Atot(f1), and Atot(2f1) are given by,

Atot(0) =
I1

2

2
|Z(f1)| cos [ϕZ(f1)] , (4.30)

Atot(f1) = I1T

∣∣∣∣∂UOCV

∂T
(x, T )

∣∣∣∣ , and (4.31)

Atot(2f1) =
I1

2

2
|Z(f1)| . (4.32)

Applying FFT to the measured Q̇T (t) during a given period from (i− 1)t1 to it1 yields the

amplitude Atot(f1) of the sinusoidal oscillation at frequency f1 given by Equation (4.31) and

the corresponding phase angle ϕtot(f1) expressed as,

ϕtot(f1) =
π

2
+ ϕrev. (4.33)

Thus, the entropic potential [∂UOCV /∂T ](xi, T ) at discrete lithium composition xi can be

written as,

∂UOCV

∂T
(xi, T ) =

∣∣∣∣∂UOCV

∂T
(x, T )

∣∣∣∣ cos (ϕrev) =
Atot(f1)

I1T
cos

[
ϕtot(f1)−

π

2

]
. (4.34)

Similarly, FFT can also be applied to the instantaneous heat generation rates Q̇MA(t)

measured at the intercalation compound working electrode and Q̇Li(t) measured at the metal-

lic lithium counter electrode, both during the same period from (i − 1)t1 to it1. Applying

FFT to Q̇MA(t) given by Equation (4.27) yields the amplitude AMA(f1) of the sinusoidal

oscillation at frequency f1 expressed as,

AMA(f1) =
I1T

e

∣∣∣∣∂sMA

∂x
(x, T )

∣∣∣∣ (4.35)

while the phase angle ϕMA(f1) is given by,

ϕMA(f1) =
π

2
+ ϕrev,MA. (4.36)

Then, the partial entropy change at the intercalation compound working electrode

[∂sMA/∂x](xi, T ) at discrete lithium composition xi can be written as,

∂sMA

∂x
(xi, T ) =

AMA(f1)e

I1T
cos

[
ϕMA(f1)−

π

2

]
. (4.37)
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Likewise, applying FFT to Q̇Li(t) given by Equation (4.28) yields the amplitude ALi(f1) of

the sinusoidal oscillation at frequency f1 expressed as,

ALi(f1) =
I1T

e

∣∣∣∣∂sLi∂x
(x, T )

∣∣∣∣ (4.38)

while the phase angle ϕLi(f1) is given by,

ϕLi(f1) =
3π

2
+ ϕrev,Li. (4.39)

Thus, the partial entropy change at the metallic lithium counter electrode −[∂sLi/∂x](xi, T )

at discrete lithium composition xi can be written as,

−∂sLi
∂x

(xi, T ) = −s◦Li(T ) =
ALi(f1)e

I1T
cos

[
ϕLi(f1)−

π

2

]
. (4.40)

4.3 Materials and methods

4.3.1 Synthesis of PNb9O25 powder

To synthesize the PNb9O25 powder, 0.9 mmol of Nb2O5 (Sigma Aldrich, 99.99%) and 0.2

mmol of NH4H2PO4 (Sigma Aldrich, 98%) powders were mixed. This mixture was ground

with a pestle in an agate mortar for 10 minutes to obtain a homogeneous powder. This

powder was transferred into an alumina crucible and placed in a tube furnace with Ar flow

at room temperature for 2 hours to get rid of air. The furnace was first heated to 350 °C

at 1 °C/minute of ramp rate where it was maintained for 8 hours with Ar flow. Then, the

Ar flow was stopped and the furnace was heated to 1000 °C at 5 °C/minute of ramp rate

where it was maintained for 24 hours. Finally, this sample was naturally cooled down to

room temperature to obtain PNb9O25 powder.

4.3.2 Synthesis of TiNb2O7 powder

To synthesize the TiNb2O7 powder, TiO2 (Sigma Aldrich, 99%) and Nb2O5 (Materion,

99.95%) powders were mixed in stoichiometric ratio. This mixture was ground with a pestle

in an agate mortar for 30 minutes to obtain a homogeneous powder. Then, 300 mg of this
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powder was pressed into a pellet. The latter was placed on a bed of sacrificial powder of the

same material in an alumina crucible, which was nestled into a larger alumina crucible filled

with 7 g of activated charcoal. This stack was heated in a microwave oven at 1125 W for 8

to 9 minutes. Finally, the insulation was removed and the TiNb2O7 pellet was left to cool

to room temperature.

4.3.3 Electrode fabrication

To fabricate the PNb9O25 or TiNb2O7 electrodes, the previously synthesized PNb9O25 pow-

der or TiNb2O7 pellet was mixed with SuperP (TIMCAL) and ground with a pestle in an

agate mortar for 10 minutes. To prepare the PNb9O25 or TiNb2O7 slurry, polyvinylidene fluo-

ride (PVDF) was first dissolved in N-Methyl-2-pyrrolidone (NMP). The PNb9O25/SuperP or

TiNb2O7/SuperP mixture was then added to the PVDF/NMP solution. The resulting slurry

had a PNb9O25 or TiNb2O7:SuperP:PVDF mass ratio of 7.5:1.5:1. Finally, the slurry was

cast on a large copper foil using a doctor blade adjusted to the desired gap. The electrodes

were first dried on a 40 °C hot plate overnight and then dried in a 110 °C vacuum oven for 6

hours. The thickness of the PNb9O25 electrodes was around 40 µm and their PNb9O25 mass

loading was around 2 mg/cm2. For the TiNb2O7 electrodes, the thickness was around 20 µm

and the TiNb2O7 mass loading was around 1 mg/cm2. Note that X-ray diffraction spectra,

cyclic voltammetry, and galvanostatic cycling measurements of similar cells with PNb9O25

or TiNb2O7 electrodes made using the same material synthesis and electrode fabrication

methods can be found in our previous studies [1, 59].

4.3.4 Operando isothermal calorimeter

Microcalorimetry ETIS measurements were performed in an operando isothermal calorimeter

described in Ref. [69]. Here, the two-electrode calorimetric battery cells consisted of (i) a

PNb9O25 or TiNb2O7 working electrode previously fabricated and cut into 1 cm × 1 cm

square shape, (ii) a polished metallic lithium (Sigma Aldrich, 99.9%) counter electrode also

cut into 1 cm × 1 cm square shape, (iii) two 260 µm thick glass microfiber filters (Whatman,

76



Grade GF/C) acting as both separators and thermal insulators, impregnated with (iv) 1 M

LiPF6 in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Note that the two-

electrode calorimetric battery cells were assembled in a glove box containing Ar gas with less

than 0.1 ppm of O2 and H2O.

During microcalorimetry ETIS measurements, the current was imposed and the potential

was measured using a high accuracy potentiostat (BioLogic, SP-150). Simultaneously, the

instantaneous heat generation rates Q̇i(t) (in mW) at the PNb9O25 or TiNb2O7 working elec-

trode and at the metallic lithium counter electrode were calculated from the instantaneous

heat fluxes q′′i (t) (in mW/cm2) measured by a 1 cm × 1 cm thermoelectric heat flux sensor

(greenTEG, gSKIN-XP) in thermal contact with the back of each electrode “i” according

to [69],

Q̇i(t) = q′′i (t)Ai =
∆Vi(t)

Si

Ai with i =MA or Li. (4.41)

Here, Ai (in cm2) is the footprint area of the electrode and ∆Vi(t) (in µV) is the instantaneous

voltage difference measured by the heat flux sensor with sensitivity Si [in µV/(W/cm2)].

Then, the total instantaneous heat generation rate in the battery cell Q̇T (t) can be expressed

as the sum of those at each electrode, i.e.,

Q̇T (t) = Q̇MA(t) + Q̇Li(t). (4.42)

4.4 Results and discussion

4.4.1 Numerical simulations of microcalorimetry ETIS

To evaluate the data analysis procedure previously described, numerical simulations of the

novel microcalorimetry ETIS method were performed. The open-circuit voltage UOCV (x, T )

and the entropic potential [∂UOCV /∂T ](x, T ) of a PNb9O25 battery cell as functions of lithium

composition x previously obtained experimentally from GITT measurements [1] were used

as input parameters. In addition, the following parameters were imposed: (i) the ambient

temperature was T = 293.15 K, (ii) the electrochemical impedance of the battery cell was

defined as |Z(f1)| = 100 Ω and ϕZ(f1) = -π/6, and (iii) the data acquisition period was ∆t =
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0.1 s. The offset (I0 = -0.05, -0.1, or -0.2 mA), amplitude (I1 = 0.5, 1, or 2 mA), and frequency

(f1 = 25, 50, or 100 mHz) of the imposed current I(t) calculated according to Equation

(4.17) were realistic values typical of experimental measurements. Based on the imposed

current I(t), the corresponding lithium composition x at time t was calculated according

to Equation (4.18). If x fell between any two nearest compositions x1 and x2 available

from the GITT dataset, then the value of UOCV (x, T ) was interpolated linearly between

UOCV (x1, T ) and UOCV (x2, T ). Then, the potential response V (t) was calculated according

to Equation (4.19). Likewise, the value of [∂UOCV /∂T ](x, T ) was also interpolated between

[∂UOCV /∂T ](x1, T ) and [∂UOCV /∂T ](x2, T ) given by GITT. Then, the irreversible Q̇J(t) and

reversible Q̇rev(t) heat generation rates were calculated according to Equations (4.23) and

(4.25), respectively. The sum gave the total instantaneous heat generation rate Q̇T (t) such

that Q̇T (t) = Q̇J(t) + Q̇rev(t). Note that, in the present microcalorimetry ETIS method,

the battery cell is assumed to be operating at low C-rates, such that the heat generation

rates Q̇mix(t) associated with the enthalpy of mixing and Q̇sr(t) due to side reactions both

become negligible. Moreover, to reproduce actual experimental measurements, white noise

was added to the calculated Q̇T (t) with signal-to-noise ratio equal to∞, 10, or 5. By applying

FFT to the calculated heat generation rate Q̇T (t) with white noise, [∂UOCV /∂T ](x, T ) was

determined according to Equation (4.34).

Figure 4.3 plots the entropic potential [∂UOCV /∂T ](x, T ) of a PNb9O25 battery cell re-

trieved from numerical simulations of microcalorimetry ETIS after applying FFT to the

calculated Q̇T (t) with white noise for different values of (a) current offset I0, (b) current am-

plitude I1, (c) current frequency f1, and (d) signal-to-noise ratio (SNR). The baseline case

corresponds to T = 293.15 K, I0 = -0.1 mA, I1 = 1 mA, f1 = 50 mHz, and SNR = ∞. Figure

4.3 also compares the retrieved entropic potential [∂UOCV /∂T ](x, T ) with the input parame-

ters previously obtained experimentally with GITT at 20 °C [1]. Here, it is interesting to note

that the choice of I0 had a strong impact on the retrieved [∂UOCV /∂T ](x, T ) while the influ-

ence of I1 and f1 was less visible. In fact, the deviation of the retrieved [∂UOCV /∂T ](x, T )

relative to that obtained from GITT was reduced by minimizing I0. Nevertheless, in every

case the [∂UOCV /∂T ](x, T ) retrieved from simulations accurately reflected the evolution of
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Figure 4.3: Entropic potential [∂UOCV /∂T ](x, T ) of a PNb9O25 battery cell retrieved from

numerical simulations of microcalorimetry ETIS for different values of (a) current offset I0,

(b) current amplitude I1, (c) current frequency f1, and (d) signal-to-noise ratio (SNR), with

comparison to the [∂UOCV /∂T ](x, T ) obtained experimentally from GITT [1] and used as

input. Unless otherwise noted, T = 293.15 K, I0 = -0.1 mA, I1 = 1 mA, f1 = 50 mHz, and

SNR = ∞.
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[∂UOCV /∂T ](x, T ) imposed and obtained experimentally from GITT. Finally, Figure 4.3(d)

illustrates that even with a signal-to-noise ratio of 10 the evolution of [∂UOCV /∂T ](x, T ) can

be successfully retrieved.

Furthermore, the profile of [∂UOCV /∂T ](x, T ) with respect to x is generally more infor-

mative than its magnitude. In fact, the former was sufficient in creating the interpretation

guide of different charging mechanisms from our previous study [53]. Therefore, the retrieved

entropic potential [∂UOCV /∂T ](x, T ) can be normalized according to,[
∂UOCV

∂T

]∗
(x, T ) =

[∂UOCV /∂T ](x, T )− [∂UOCV /∂T ]min(x, T )

[∂UOCV /∂T ]max(x, T )− [∂UOCV /∂T ]min(x, T )
(4.43)

where [∂UOCV /∂T ]max(x, T ) and [∂UOCV /∂T ]min(x, T ) are respectively the maximum and

minimum values of the entropic potential over the entire window of lithium composition.

Figure 4.4 plots the normalized entropic potential [∂UOCV /∂T ]
∗(x, T ) for the same cases as

those presented in Figure 4.3. First, in every case the relative difference between the nor-

malized entropic potential [∂UOCV /∂T ]
∗(x, T ) retrieved from simulations and that obtained

experimentally from GITT (Figure 4.4) was smaller than the difference between their origi-

nal values (Figure 4.3). This illustrates the fact that normalization can alleviate the impact

of the arbitrary choice of I0 while accurately retrieving the features of [∂UOCV /∂T ]
∗(x, T )

necessary for its interpretation. In addition, the results can be further improved by minimiz-

ing I1 and maximizing f1. These observations can inform the experimental implementation

of the present microcalorimetry ETIS method.

4.4.2 Microcalorimetry ETIS measurements on a battery cell

4.4.2.1 Imposed current and potential response

To validate experimentally the novel microcalorimetry ETIS method, measurements using

operando isothermal calorimetry were performed on battery cells at temperature T = 293.15

K. Here, the full cell was assembled in the operando isothermal calorimeter previously de-

scribed with a PNb9O25 or TiNb2O7 working electrode and a metallic lithium counter elec-

trode immersed in 1 M LiPF6 in EC:DMC 1:1 v/v electrolyte. The experimentally imposed
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Figure 4.4: Normalized entropic potential [∂UOCV /∂T ]
∗(x, T ) of the results shown in Figure

4.3 for a PNb9O25 battery cell retrieved from numerical simulations of microcalorimetry ETIS

for different values of (a) current offset I0, (b) current amplitude I1, (c) current frequency f1,

and (d) signal-to-noise ratio (SNR), with comparison to the normalized entropic potential

[∂UOCV /∂T ]
∗(x, T ) obtained experimentally from GITT [1] and used as input.
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current I(t) during discharging (lithiation) featured offset I0 = -0.1 mA, amplitude I1 = 1

mA, frequency f1 = 50 mHz, and period t1 = 20 s. Note that these settings were chosen as a

compromise between (i) superior accuracy of results calling for small I0, small I1, and large

f1, and (ii) the constraints of actual experimental conditions favoring large I0 for shorter

measurement duration, large I1 for adequate heat generation rate signal, and small f1 to

give redox reactions sufficient time to proceed.

Figure 4.5 plots the measured potential V (t) and the retrieved open-circuit voltage

UOCV (x, T ) determined using Equation (4.20) as the average of V (t) over every period. As

predicted by Equation (4.19), the sinusoidal oscillation of V (t) was at the same frequency

f1 as I(t). The overall duration for this discharging half-cycle was 5 hours for the PNb9O25

battery cell and 3 hours for the TiNb2O7 battery cell, compared to 150 hours and 90 hours,

respectively, for potentiometric entropy measurements based on GITT [1].

4.4.2.2 Heat generation rates

Figure 4.6 plots the instantaneous heat generation rates (a) Q̇PNO(t) measured at the

PNb9O25 working electrode or (b) Q̇TNO(t) measured at the TiNb2O7 working electrode,

as well as Q̇Li(t) measured at the corresponding metallic lithium counter electrode, and (c)

Q̇T (t) = Q̇PNO(t) + Q̇Li(t) or (d) Q̇T (t) = Q̇TNO(t) + Q̇Li(t) measured in the entire battery

cell over four consecutive periods. Interestingly, Q̇PNO(t), Q̇TNO(t), and Q̇Li(t) were all

sinusoidal functions with the same frequency f1 as I(t) and V (t). As a result, Q̇T (t) was

periodic with complex patterns and period t1 = 1/f1 = 20 s. Moreover, Q̇PNO(t) or Q̇TNO(t)

was endothermic (< 0) for negative current I(t) and exothermic (> 0) for positive I(t),

whereas Q̇Li(t) was exothermic for negative I(t) and endothermic for positive I(t). In fact,

according to Equations (4.27) and (4.28), such behavior indicates that the partial entropy

changes were positive at the PNb9O25 or TiNb2O7 working electrodes and negative at the

corresponding metallic lithium counter electrodes. These results were consistent with the

observations made in our previous study [1]. Finally, even though state-of-the-art potentio-

stat and heat flux sensors were used, Figure 4.6 illustrates that with I1 = 1 mA and f1 = 50
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Figure 4.5: Measured potential V (t) during discharging and retrieved open-circuit voltage

UOCV (x, T ) determined using Equation (4.20) as the average of V (t) over every period during

microcalorimetry ETIS measurements on a (a, b) PNb9O25 or (c, d) TiNb2O7 battery cell.

The imposed current I(t) was given by Equation (4.17) with I0 = -0.1 mA, I1 = 1 mA,

and f1 = 50 mHz. Note that Figures 4.5(b) and 4.5(d) are enlargements of arbitrary time

windows shown in green in Figures 4.5(a) and 4.5(c), respectively.
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Figure 4.6: (a, b) Instantaneous heat generation rates (a) Q̇PNO(t) measured at the PNb9O25

working electrode or (b) Q̇TNO(t) measured at the TiNb2O7 working electrode and Q̇Li(t)

measured at the corresponding metallic lithium counter electrode over four consecutive pe-

riods. (c, d) Total instantaneous heat generation rate (c) Q̇T (t) = Q̇PNO(t) + Q̇Li(t) or (d)

Q̇T (t) = Q̇TNO(t) + Q̇Li(t) measured in the entire (c) PNb9O25 or (d) TiNb2O7 battery cell.
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mHz, the signal-to-noise ratio in the measured heat generation rates was already around 10.

Based on the numerical simulation results shown in Figure 4.3(d), a signal-to-noise ratio of

at least 10 was necessary to successfully retrieve the evolution of [∂UOCV /∂T ](x, T ). Further

decreasing I1 and/or increasing f1 would decrease the magnitude of the heat generation rates

and, consequently, the signal-to-noise ratio would fall below 10 which would compromise the

precision of the retrieved [∂UOCV /∂T ](x, T ).

4.4.2.3 Open-circuit voltage and entropic potential

After applying FFT to the total heat generation rate Q̇T (t) in each battery cell, the entropic

potential [∂UOCV /∂T ](x, T ) was determined according to Equation (4.34). The entropic po-

tential was then normalized to compute [∂UOCV /∂T ]
∗(x, T ) according to Equation (4.43).

Figure 4.7 compares the open-circuit voltage UOCV (x, T ) and the normalized entropic po-

tential [∂UOCV /∂T ]
∗(x, T ) of the investigated (a, b) PNb9O25 or (c, d) TiNb2O7 battery cell

determined by GITT [1] and by microcalorimetry ETIS measurements. Here, UOCV (x, T )

and [∂UOCV /∂T ]
∗(x, T ) determined by both methods were in very good agreement for both

battery cells. In fact, while GITT only offered a limited number of data points, hundreds

of data points were acquired from microcalorimetry ETIS which created continuous curves

for UOCV (x, T ) and [∂UOCV /∂T ]
∗(x, T ). This is particularly noticeable for the PNb9O25

cell for 0 < x < 0.5 and for the TiNb2O7 cell for 3.2 < x < 4.3, when sharp changes in

[∂UOCV /∂T ]
∗(x, T ) occurred but were not captured by the GITT method. In addition, com-

bining the profiles of both UOCV (x, T ) and [∂UOCV /∂T ]
∗(x, T ) enables the identification of

different regions with distinctive features [1].

For the PNb9O25 battery cell, seven regions could be identified [53]. (i) Region I for 0

< x < 0.5: UOCV decreased sharply as a result of lithium intercalation in a homogeneous

solid solution [1]. By contrast, [∂UOCV /∂T ]
∗ featured a sharp peak and a maximum. This

can be attributed to the fact that PNb9O25 is an insulator in pristine phase but quickly

becomes a semiconductor upon lithiation [176,177]. As the electrical conductivity increases,

so does the electronic entropy, which in turn led to an increase in [∂UOCV /∂T ]
∗ [1]. Note
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Figure 4.7: (a, c) Open-circuit voltage UOCV (x, T ) and (b, d) normalized entropic poten-

tial [∂UOCV /∂T ]
∗(x, T ) of a PNb9O25 or TiNb2O7 battery cell determined by GITT [1] or

microcalorimetry ETIS measurements. The different colored regions correspond to specific

phenomena occurring in the battery cell.

86



that this was not captured by previous GITT measurements. (ii) Region II for 0.5 < x < 2:

both UOCV and [∂UOCV /∂T ]
∗ decreased indicating lithium intercalation in a homogeneous

solid solution and the associated configurational entropy change [53]. (iii) Region III for 2

< x < 3.5: UOCV plateaued as a sign of phase transition accompanied by two-phase co-

existence [53]. Curiously, [∂UOCV /∂T ]
∗ retrieved from microcalorimetry ETIS increased as

opposed to staying relatively constant in GITT measurements. Note that PNb9O25 has also

been reported to undergo a semiconductor-to-metal transition around this range of lithium

composition [176, 177]. It is possible that microcalorimetry ETIS could not capture the

plateau in [∂UOCV /∂T ]
∗ associated with two-phase coexistence as effectively as GITT. In

fact, phase transition is a kinetically slow process, which is captured by the long relaxation

periods of GITT but not by microcalorimetry ETIS due to the constant switching between

lithiation/delithiation half-periods arising from the sinusoidal current I(t). (iv) Region IV for

3.5 < x < 5: UOCV decreased again suggesting lithium intercalation in a homogeneous solid

solution [53]. Moreover, [∂UOCV /∂T ]
∗ first increased then decreased resulting in a local max-

imum, during which the semiconductor-to-metal transition was completed [1]. (v) Region V

for 5 < x < 8: this region also featured lithium intercalation in a homogeneous solid solution

as both UOCV and [∂UOCV /∂T ]
∗ decreased monotonously [53]. (vi) Region VI for 8 < x <

11: the decrease in UOCV was accompanied by a tilde-shaped fluctuation in [∂UOCV /∂T ]
∗,

which can be attributed to intralayer ion ordering [53]. It is interesting to note that the

intralayer ion ordering spanned a wider range of lithium composition when measured by

microcalorimetry ETIS than by GITT. Likewise, this difference possibly emerged as a result

of the constant switching between lithiation/delithiation half-periods during microcalorime-

try ETIS measurements, which might have prolonged the ion ordering process. (vii) Region

VII for 11 < x < 11.5: both UOCV and [∂UOCV /∂T ]
∗ featured a plateau indicative of phase

transition accompanied by two-phase coexistence.

In the case of the TiNb2O7 battery cell, five regions could be identified [59]. (i) Region

I for 0 < x < 0.2: UOCV featured a sharp drop indicating lithium intercalation in a ho-

mogeneous solid solution [53]. By contrast, [∂UOCV /∂T ]
∗ rose to reach a maximum. This

can also be attributed to the rapid electrical conductivity increase of TiNb2O7 upon lithi-
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ation [59, 178]. (ii) Region II for 0.2 < x < 0.6: both UOCV and [∂UOCV /∂T ]
∗ decreased

due to lithium intercalation in a homogeneous solid solution [53]. The configurational en-

tropy change contributed to the sharp decrease in [∂UOCV /∂T ]
∗ [53]. (iii) Region III for

0.6 < x < 1.7: UOCV decreased slowly while [∂UOCV /∂T ]
∗ featured a tilde-shaped fluctua-

tion characteristic of intralayer ion ordering [53]. (iv) Region IV for 1.7 < x < 3.2: UOCV

continued decreasing while [∂UOCV /∂T ]
∗ first increased then decreased resulting in a local

maximum. This behavior can be attributed to the continuous electrical conductivity in-

crease of TiNb2O7 during lithiation [59,178]. Here also, the electronic entropy increased like

the semiconductor-to-metal transition observed within region IV of the PNb9O25 cell, thus

leading to an analogous shape of the entropic potential. (v) Region V for 3.2 < x < 4.3:

both UOCV and [∂UOCV /∂T ]
∗ decreased monotonously corresponding to lithium intercala-

tion in a homogeneous solid solution [53]. Note that this last region was observed only in the

microcalorimetry ETIS method. In fact, our previous GITT measurements [1, 59] imposed

a cell potential cutoff of 1 V to prevent the formation of solid electrolyte interphase (SEI)

and dendrites in the battery cell under continuous discharging below 1 V [179,180]. During

microcalorimetry ETIS measurements though, the sinusoidal current I(t) meant that when-

ever the cell potential went below 1 V, it only lasted a few seconds before the direction of

current flow and ion diffusion was reversed again. This enabled the cell potential cutoff to be

lower than 1 V without significantly damaging the battery cell. In particular, the potential

of the TiNb2O7 cell was allowed to reach as low as 0.8 V during microcalorimetry ETIS

measurements.

4.4.2.4 Partial entropy changes

FFT analysis was also applied to the heat generation rates Q̇PNO(t) or Q̇TNO(t) and Q̇Li(t)

measured at each electrode to determine the partial entropy changes at the PNb9O25 or

TiNb2O7 working electrodes and at the corresponding metallic lithium counter electrodes

according to Equations (4.37) and (4.40). Here also, the partial entropy changes were nor-
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Figure 4.8: Normalized partial entropy changes (a) [∂sPNO/∂x]
∗(x, T ) at the PNb9O25

working electrode or (c) [∂sTNO/∂x]
∗(x, T ) at the TiNb2O7 working electrode determined

by microcalorimetry ETIS measurements. (b, d) Normalized partial entropy changes

−[∂sLi/∂x]
∗(x, T ) at the corresponding metallic lithium counter electrode.
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malized, i.e., at electrode “j” (= PNO, TNO, or Li) according to,[
∂sj
∂x

]∗
(x, T ) =

(1/e)[∂sj/∂x](x, T )− (1/e)[∂sj/∂x]min(x, T )

[∂UOCV /∂T ]max(x, T )− [∂UOCV /∂T ]min(x, T )
(4.44)

where [∂sj/∂x]min(x, T ) is the minimum value of the partial entropy change [∂sj/∂x](x, T )

over the entire window of lithium composition. For comparison, Figure 4.8 plots the nor-

malized partial entropy changes [∂sj/∂x]
∗(x, T ) at the PNb9O25 or TiNb2O7 working elec-

trodes and at the corresponding metallic lithium counter electrodes. Here, the normal-

ized partial entropy changes [∂sPNO/∂x]
∗(x, T ) or [∂sTNO/∂x]

∗(x, T ) at the working elec-

trodes essentially replicated qualitatively the features of the normalized entropic potential

[∂UOCV /∂T ]
∗(x, T ) for the full cell. By contrast, the normalized partial entropy changes

−[∂sLi/∂x]
∗(x, T ) at the counter electrodes stayed relatively constant near 0 with varying

state of charge. Such behavior was consistent with our previous theoretical derivation [53].

Specifically, the partial entropy change −[∂sLi/∂x](x, T ) at the metallic lithium counter elec-

trode should be equal to the standard entropy per unit of metallic lithium −s◦Li(T ) and thus

independent of x. Therefore, −[∂sLi/∂x]
∗(x, T ) should theoretically be equal to 0, as con-

firmed by Figure (4.8). This suggests that continuous lithium stripping and plating were the

dominant processes occurring at the counter electrodes. Overall, these results demonstrate

the capability of the novel microcalorimetry ETIS method to extract the partial entropy

changes at each electrode, which has not been achieved by any other existing method.

4.5 Chapter summary

This chapter presented a novel and fast microcalorimetry ETIS measurement method using

an operando isothermal calorimeter to determine the open-circuit voltage UOCV , the entropic

potential ∂UOCV /∂T , and the partial entropy changes at each electrode as functions of the

state of charge of a battery cell, all within only a few hours. The apparatus was designed

for bare electrodes (i.e., without casing) with material mass loadings on the order of mil-

ligrams and measured heat generation rates on the order of microwatts. The method consists

of imposing a sinusoidal current and measuring the potential response as well as the heat

generation rates at each electrode separately. The open-circuit voltage UOCV of the cell
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was acquired by time-averaging the measured potential response. Furthermore, FFT anal-

ysis of the measured total heat generation rate was used to retrieve the entropic potential

∂UOCV /∂T of the entire cell without having to measure the cell potential at several differ-

ent temperatures. The procedure was first validated numerically and then demonstrated

experimentally with battery cells consisting of PNb9O25 or TiNb2O7 working electrodes and

metallic lithium counter electrodes. The open-circuit voltage and the normalized entropic

potential retrieved from the novel microcalorimetry ETIS measurements agreed well with

those previously determined by potentiometric entropy measurements based on GITT at

three different temperatures [1, 59]. Finally, the partial entropy changes at each electrode

were calculated from the individually measured heat generation rates. Compared to other

state-of-the-art methods, this is the first method capable of retrieving the entropy evolution

of LIB materials at each electrode.
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CHAPTER 5

Three-dimensional step potential electrochemical

spectroscopy (SPECS) simulations of porous

pseudocapacitive electrodes

This chapter aims to numerically validate and, if necessary, modify the step potential elec-

trochemical spectroscopy (SPECS) method for three-dimensional (3D) mesoporous pseudo-

capacitive electrodes. Numerical simulations were based on the modified Poisson-Nernst-

Planck (MPNP) model coupled with the Frumkin-Butler-Volmer theory. In addition,

the SPECS method was combined with the multiple potential step chronoamperometry

(MUSCA) method to identify the contributions of EDL formation and Faradaic reactions to

the total current density and to provide physical interpretation of the fitting parameters.
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Nomenclature

A Surface area (nm2)

ABET Total electrode/electrolyte interfacial area (nm2)

ABET,1 Geometric surface area of the electrode/electrolyte interface (nm2)

ABET,2 Porous surface area of the electrode/electrolyte interface (nm2)

Afp Footprint surface area (nm2)

ai Effective ion diameter of species i (nm)

C1 Geometric surface electrical double layer capacitance (µF cm−2)

C2 Porous surface electrical double layer capacitance (µF cm−2)

Cdiff Differential capacitance (µF cm−2)

Cint Integral capacitance (µF cm−2)

CSt
s Stern layer capacitance (µF cm−2)

CEDL Total electrical double layer capacitance (µF cm−2)

c1,P Concentration of Li+ ions in the electrode (mol L−1)

c1,P,0 Initial concentration of Li+ ions in the electrode (mol L−1)

c1,P,max Maximum concentration of Li+ ions in the electrode (mol L−1)

ci Concentration of ion species i in the electrolyte (mol L−1)

c∞ Ion concentration in the bulk electrolyte (mol L−1)

D1,P Diffusion coefficient of Li+ ions in the electrode (m2 s−1)

Di Diffusion coefficient of ion species i in the electrolyte (m2 s−1)

e Elementary charge, e = 1.602× 10−19 C

F Faraday constant, F = eNA = 9.648× 104 C mol−1

H Stern layer thickness (nm)

j Magnitude of current density (A m−2)

jF,0 Exchange current density due to Faradaic reactions (A m−2)

k0 Reaction rate constant (m2.5 mol−0.5 s−1)

kB Boltzmann constant, kB = 1.38× 10−23 m2 kg s−2 K−1

L Electrolyte domain thickness (nm)
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LC Current collector thickness (nm)

LP Electrode thickness (nm)

N Number of layers of electrode spherical particles

NA Avogadro number, NA = 6.022× 1023 mol−1

Ni Molar flux vector of ion species i (mol m−2 s−1)

Ns Number of data points per potential step

n Normal vector of a surface

nc Cycle number

ns Total number of potential steps

ps Potential step number

∆QF Total amount of charge stored due to the Faradaic current (C)

R1 Geometric surface electrical double layer resistance (Ω cm2)

R2 Porous surface electrical double layer resistance (Ω cm2)

Rct Charge transfer resistance (Ω cm2)

Rd Diffusion resistance (Ω cm2)

REDL Total electrical double layer resistance (Ω cm2)

Ru Universal gas constant, Ru = 8.314 J mol−1 K−1

r Radius of electrode spherical particles (nm)

r Location in three-dimensional space (nm)

rcl Location of the device centerline (nm)

rC/E Location of the current collector/electrolyte interface (nm)

rE/E Location of the electrode/electrolyte interface (nm)

rH Location of the Stern/diffuse layer interface (nm)

T Temperature (K)

t Time (s)

tcd Charging/discharging cycle period (s)

te Equilibration time (s)

tt Transition time (s)

tν Time window in the MUSCA method (s)
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∆t Time step (data acquisition time) (s)

zi Valency of ion species i

Greek symbols

α Transfer coefficient

δ Objective function

ϵ0 Vacuum permittivity, ϵ0 = 8.854× 10−12 F m−1

ϵr Relative permittivity of the electrolyte

η Overpotential (V)

Λ Electrochemical Biot number

ν Scan rate (V s−1)

ψ Electric potential (V)

ψs Potential vs. Ag/AgCl at the current collector/electrode interface (V)

ψs,min, ψs,max Minimum and maximum of the potential window vs. Ag/AgCl (V)

∆ψeq Equilibrium potential difference vs. Ag/AgCl (V)

∆ψeq,0 Initial equilibrium potential difference vs. Ag/AgCl (V)

∆ψH Potential drop across the Stern layer (V)

∆ψs Potential step (V)

σC Electrical conductivity of the current collector (S m−1)

σP Electrical conductivity of the electrode (S m−1)

τ Time constant (s)

τd Diffusion time constant (s)

Superscripts and subscripts

BET Refers to the electrode/electrolyte interface

EDL Refers to the electrical double layer component

EDL1 Refers to the geometric surface electrical double layer component

EDL2 Refers to the porous surface electrical double layer component

F Refers to the Faradaic component

F1 Refers to the surface-controlled Faradaic component

F2 Refers to the diffusion-controlled Faradaic component
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fp Refers to the footprint surface

M Refers to the MUSCA method

n Refers to the normal component of a variable

r Refers to the residual component

S Refers to the SPECS method

T Refers to the total component
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5.1 Background

5.1.1 SPECS method

Chronoamperometry is a family of techniques where a step function is applied to the potential

of the working electrode as the current response is recorded. The current response to each

potential step is typically a decay as a function of time and can be analyzed to distinguish the

various charge storage mechanisms of the working electrode [41]. The most common example

is the double potential step chronoamperometry where the imposed potential consists of a

single step up and step down in sequence [41]. Multiple variants of chronoamperometry

have also been developed over time, such as the double potential step chronocoulometry. In

this case, instead of the current response, the integral of the current versus time is recorded

corresponding to the amount of charge passed. Here, the response in the charge passage can

equally be analyzed to separate the contributions of EDL formation and Faradaic reactions to

the total amount of charge storage [41]. One latest adaptation of chronoamperometry is the

SPECS method. The SPECS method consists of imposing a series of small potential steps

∆ψs on a pseudocapacitor within a potential window from ψs,min to ψs,max and measuring

the total footprint current density response jT (t) (in A/m2) at each potential step defined

per unit footprint surface area Afp of the current collector [110–112]. This method has

been developed to identify the contributions of EDL formation and Faradaic reactions to

the total current in pseudocapacitive electrodes [113–115]. Dupont and Donne [113–115]

suggested that the total current density response to an imposed potential step in a porous

pseudocapacitive electrode should be fitted to a function jST (t) expressed as the sum of an

EDL current density jSEDL(t), a Faradaic current density j
S
F (t), and a residual current density

jSr (t), i.e.,

jST (t) = jSEDL(t) + jSF (t) + jSr (t). (5.1)

The EDL current density jSEDL(t) was further divided into two contributions from EDL

formation (i) at the so-called geometric surface defined as the interface of the electrode

with the bulk electrolyte and (ii) at the interfacial surface of micropores and mesopores
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within the porous electrode, represented by jSEDL1(t) and jSEDL2(t), respectively [113–115].

Here, jSEDL1(t) and j
S
EDL2(t) were modeled based on an equivalent circuit of a resistor and a

capacitor in series so that [113–115],

jSEDL(t) = jSEDL1(t) + jSEDL2(t) =
∆ψs

R1

exp

(
− t

R1C1

)
+

∆ψs

R2

exp

(
− t

R2C2

)
(5.2)

where R1, C1 and R2, C2 are the resistances and capacitances due to EDL formation at the

geometric surface denoted by ABET,1 and at the inner porous electrode/electrolyte interface

denoted by ABET,2 (see Figure 5.1 for illustration). Furthermore, the total EDL resistance

REDL and the total EDL capacitance CEDL were expressed as [113–115],

REDL =
R1R2

R1 +R2

and CEDL = C1 + C2. (5.3)

On the other hand, the Faradaic current density jSF (t) was modeled based on Fick’s

second law of diffusion in spherical coordinates as [113–115],

jSF (t) =
6∆QF

τdA

∞∑
n=1

exp

(
−n

2π2t

τd

)
. (5.4)

Here, A is the surface area over which the current density is averaged (i.e., either the footprint

surface area Afp of the current collector or the total electrode/electrolyte interfacial area

ABET ), while ∆QF and τd are the total amount of charge stored due to the Faradaic reactions

and the diffusion time constant respectively expressed as [181,182],

∆QF =

∫ t+∆t

t

jSF (t)Adt = −FABET r∆c1,P
3

and τd =
r2

D1,P

(5.5)

where F = eNA = 9.648 × 104 C mol−1 is the Faraday constant, r is the average radius

of redox-active spherical particles making up the electrode, ∆c1,P is the net concentration

change of cations in the electrode due to the potential step, and D1,P is the diffusion co-

efficient of cations in the redox-active materials. After a sufficiently long relaxation dura-

tion (i.e., t ≫ τd), the high order terms (n > 1) in Equation (5.4) are negligible leading

to [182,183],

jSF (t) =
6∆QF

τdA
exp

(
−π

2t

τd

)
. (5.6)
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This model is representative of diffusion-controlled Faradaic reactions only.

Alternatively, Montella [182] proposed a model for jSF (t) accounting for finite interfacial

charge transfer kinetics given by,

jSF (t) =
6∆QF

τdA

∞∑
n=1

Λ2

Λ2 − Λ+ b2n
exp

(
−b

2
nt

τd

)
. (5.7)

Here, bn is the nth root of the following equation [182,184],

bn cot bn + Λ− 1 = 0 (5.8)

where Λ is the electrochemical Biot number expressed as [182,184],

Λ = − rjF,0
D1,PRuT

∂∆ψeq

∂c1,P
=
Rd

Rct

. (5.9)

Here, jF,0 is the exchange current density, Ru = 8.314 J mol−1 K−1 is the universal gas

constant, T is the temperature, ∆ψeq is the equilibrium potential difference (i.e., the potential

difference between the electrode and the electrolyte across their interface at zero net reaction

rate), c1,P is the concentration of cations in the electrode, Rd and Rct are the diffusion

and interfacial charge transfer resistances, respectively. Here also, after a sufficiently long

relaxation duration (i.e., t ≫ τd), the high order terms (n > 1) in Equation (5.7) become

negligible leading to [182,183],

jSF (t) =
6∆QF

τdA

Λ2

Λ2 − Λ+ b21
exp

(
−b

2
1t

τd

)
= P1 exp(−P2t) (5.10)

where the fitting parameters P1 and P2 can be identified as,

P1 =
6∆QF

τdA

Λ2

Λ2 − Λ+ b21
and P2 =

b21
τd
. (5.11)

The value of Λ characterizes the main limitation for the rate of Faradaic reactions. For

diffusion-controlled processes, Rd ≫ Rct, Λ ≫ 1, and b1 = π, so that Equation (5.10)

reduces to Equation (5.6) [182, 184]. By contrast, when processes are controlled by finite

interfacial charge transfer kinetics, Rd ≪ Rct, Λ ≪ 1, and b1 ⋍
√
3Λ [182, 184]. Finally,

the residual current density jSr (t) is a constant accounting for electrolyte decomposition

reactions and/or parasitic reactions in the electrode material [113–115]. Note, however,

that the above expressions for the different contributions to the total current density jT (t)

have been previously validated theoretically for 1D homogeneous electrodes but not for 3D

heterogeneous porous pseudocapacitive electrodes.
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5.1.2 MUSCA method

The MUSCA method aims to explicitly quantify the contributions of different charge stor-

age mechanisms to the total capacitance. It has proved effective in correcting for ohmic

polarization effects and the drift of redox peaks with increasing scan rate typically observed

in CV measurements [185, 186]. Similar to SPECS, MUSCA starts by imposing a series of

small potential steps ∆ψs within a potential window from ψs,min to ψs,max and measuring

the total current density response jT (t) to each potential step. Then, for a given scan rate ν,

jT (t) is averaged over a certain time window tν defined from the beginning of the potential

step ∆ψs to obtain the mean current density jAT (ψs) at potential ψs as [185],

jAT (ψs) =
1

tν

∫ tν

0

jT (t)dt (5.12)

where superscript “A” refers to the mean current density from the MUSCA method, and tν

is chosen according to [185],

tν =
∆ψs

ν
. (5.13)

Finally, cyclic voltammograms with minimized ohmic polarization effects are reconstructed

by plotting jAT (ψs) vs. ψs [185].

5.1.3 Application of the SPECS and MUSCA methods

Both the SPECS and MUSCA methods have been employed in a wide range of applications.

For example, Forghani et al. [187] used the SPECS method to identify the geometric and

porous capacitances during the electrochemical characterization of symmetrical activated

carbon electrochemical capacitors with organic electrolyte. The MUSCA method was used

to quantify the performance over a range of scan rates, both for the entire device and for each

individual electrode. Subsequently, the authors assembled prototype pouch cells using the

same electrode and electrolyte materials and evaluated their electrochemical behavior [188].

Here, the temporal evolution of the fitting parameters retrieved from SPECS and the rate

performance from MUSCA were combined to identify issues within the cell including leakage

current, cell degradation, and electrolyte depletion.
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In another study, the SPECS and MUSCA methods were used to optimize experimentally

electrolytic amorphous carbon as electrode materials by distinguishing and quantifying the

EDL and pseudocapacitive contributions at different scan rates [189]. A similar study applied

the SPECS and MUSCA methods to demonstrate that the capacitive charge storage in glassy

carbon electrodes was better with non-aqueous electrolytes than with aqueous electrolytes

due to ion solvation [190]. In fact, the study compared the fitted total EDL resistance REDL

and total EDL capacitance CEDL between the same electrodes in different electrolytes. Based

on those results, the authors reasoned that the solvation shells surrounding the adsorbing

ions in aqueous electrolytes not only increased resistance but also inhibited denser packing

of ions at the electrode surface, thus decreasing the capacitive charge storage.

Another study utilized both the SPECS and MUSCA methods in place of conventional

CV measurements to validate experimentally the two methods and simultaneously investi-

gate the charge storage mechanisms in four electrochemical capacitor systems [191]. The

Swagelok cells consisted of activated carbon, RuO2, MnO2, or Ni(OH)2 working electrodes

and activated carbon counter electrodes in alkaline electrolytes. In addition, Forghani et

al. [192] used CV, EIS, SPECS, and MUSCA methods to analyze the semiconducting prop-

erties of electrolytic MnO2 deposited on titanium substrates as electrodes for electrochemical

capacitors. Here, SPECS combined with EIS enabled the determination of electronic prop-

erties across the full potential window, identifying both n-type and p-type behavior in the

electrolytic MnO2 electrodes. Furthermore, in two separate studies the SPECS and MUSCA

methods provided mechanistic insights into the microstructures of various porous carbon

electrodes [193, 194]. Of particular value was their ability to reveal the capacitances associ-

ated with EDL formation at the geometric surface or at the porous surface in each unique

porous structure.

Overall, the SPECS and MUSCA methods give an unmatched capability to distinguish

and quantify the charge storage contributions from various mechanisms using relatively sim-

ple experimental procedures applicable to most electrochemical systems. These methods

have been validated qualitatively using experimental data. This study aims to rigorously

validate the SPECS method and the MUSCA method, using state-of-the-art physical mod-
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eling and numerical simulations, to quantify the contributions, to the total current density,

of EDL formation and Faradaic reactions occurring at the surface or within 3D pseudoca-

pacitive electrodes.

5.2 Analysis

5.2.1 Schematic and assumptions

Figure 5.1(a) shows the schematic of the simulated 3D mesoporous pseudocapacitive elec-

trode consisting of monodisperse spherical particles of radius r ordered in face-centered cubic

(FCC) packing supported by a planar current collector in an electrolyte containing Li+ ions

in a three-electrode configuration with Ag/AgCl as the reference electrode. The example

shown here had a number of particle layers N = 3.5. The current collector, electrode, and

electrolyte domain thicknesses were denoted by LC , LP , and L, respectively. Figure 5.1(b)

shows the geometric surface area ABET,1 corresponding to the exterior electrode surface with

direct access to the bulk electrolyte. Figure 5.1(c) shows the interior electrode/electrolyte

interface also known as the porous surface area ABET,2 [113–115].

To make the problem mathematically tractable, the following assumptions were made:

(1) The electrolyte was binary and symmetric, i.e., it consisted of two ion species of opposite

valency±z. (2) Cations and anions had the same effective diameter a and diffusion coefficient

D in the electrolyte [195, 196]. (3) The Stern layer contained no free charge and its thick-

ness H was approximated as the effective radius of the ions, so that H = a/2 [41, 197, 198].

(4) The transport properties of the electrode and electrolyte were taken as constant and

independent of state-of-charge. (5) Bulk motion of the electrolyte was negligible. (6) Ion

intercalation/deintercalation in/out of the electrode spherical particles was modeled as a

diffusion process. (7) The temperature T was uniform in the simulated domain and constant

over time. (8) Electrical contact resistance between the current collector and the electrode,

and between the electrode spherical particles, was negligible. (9) Residual current density as-

sociated with electrolyte decomposition reactions and/or parasitic reactions in the electrode
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Figure 5.1: (a) Schematic, coordinate system, and dimensions of the simulated 3D meso-

porous pseudocapacitive electrode consisting of monodisperse spherical particles of radius

r ordered in face-centered cubic (FCC) packing supported by a planar current collector in

an electrolyte containing Li+ ions in a three-electrode configuration with Ag/AgCl as the

reference electrode. (b) Geometric surface area ABET,1 and (c) porous surface area ABET,2

of the electrode/electrolyte interface.
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material was ignored, i.e., jSr (t) = 0. (10) Current arising from EDL formation at the current

collector/electrolyte interface was negligible compared to that at the electrode/electrolyte

interface.

5.2.2 Governing equations

The modified Poisson-Nernst-Planck (MPNP) model coupled with the Frumkin-Butler-

Volmer theory were used to numerically reproduce experimental data obtained from the

SPECS method accounting for interfacial, transport, and electrochemical phenomena in

the simulated domain [199]. The governing equations have been described in our previous

studies [135, 175, 200] and are reproduced in Appendix B for the sake of completeness (see

Section B.1). In brief, the spatiotemporal evolution of (i) the local electric potential ψ(r, t)

in the current collector, the electrode, and the electrolyte, as well as (ii) the local concentra-

tions c1(r, t) of cations and c2(r, t) of anions in the electrolyte were governed by the MPNP

model [135, 175, 200]. The local concentration c1,P (r, t) of Li+ ions in the electrode was

governed by the 3D transient mass diffusion equation [134,201,202].

5.2.3 Initial and boundary conditions

All initial and boundary conditions necessary to solve the 3D transient governing equations

are described in detail in Appendix B (see Section B.2). The potential at the current collector

surface (0, y, z) was imposed as a multi-step function for SPECS simulations according to

[186],

ψs(0, y, z, t) =


ψs,min + (ps − 1)∆ψs for 1 ≤ ps ≤ (ns + 1)/2 (charging)

ψs,max −
(
ps −

ns + 1

2

)
∆ψs for (ns + 1)/2 ≤ ps ≤ ns (discharging) (5.14)

where ψs,min and ψs,max are the minimum and maximum of the potential window, respec-

tively. Here, ps is the potential step number and ns is the total number of potential steps

∆ψs to cover the entire potential window, i.e., ns = [2(ψs,max − ψs,min)/∆ψs] + 1, with each

step lasting an equilibration time of te.

On the other hand, for simulating cyclic voltammograms, the potential at the current
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collector surface (0, y, z) was imposed as a triangular function of time t given by [203],

ψs(0, y, z, t) =

{
ψs,min + ν[t− (nc − 1)tcd] for (nc − 1)tcd ≤ t < (nc − 1/2)tcd (charging)

ψs,max − ν[t− (nc − 1/2)tcd] for (nc − 1/2)tcd ≤ t < nctcd (discharging) (5.15)

where nc is the cycle number, tcd is the cycle period, and ν is the scan rate, i.e., ν =

2(ψs,max − ψs,min)/tcd.

5.2.4 Constitutive relationships

The present study used realistic material properties summarized in Table 5.1 and taken

from the literature for the current collector, the porous pseudocapacitive electrode consisting

of Nb2O5 nanoparticles [41, 204–206], and the electrolyte consisting of 1 M LiClO4 salt in

propylene carbonate (PC) solvent [207,208]. The thickness of the current collector was taken

as LC = 10 nm with electrical conductivity σC = 5 S m−1 corresponding to carbon-based

materials [22]. The electrodes were made of spherical particles with radius r = 3.75 nm,

while the number of particle layers N varied between 2.5 and 4.5 for different cases of the

parametric study (3.5 for the baseline case), resulting in electrode thicknesses LP ranging

from 14.4 to 25.0 nm (19.7 nm for the baseline case). The capacitance of the electrodes

quantitatively varied with both the radius of electrode spherical particles r and the number of

particle layers N . Note that the purpose of this study is to validate the SPECS and MUSCA

methods under numerically controlled conditions. Therefore, the dimensions selected were

smaller than typical experiments in order to reduce the computational resources and time

required to perform the numerous simulations. The electrode electrical conductivity was

taken as σP = 10−4 S m−1 [16] and the reaction rate constant k0 varied between 10−10 and

10−8 m2.5 mol−0.5 s−1 for different cases of the parametric study (10−10 m2.5 mol−0.5 s−1 for

the baseline case) [204, 209, 210]. For electrodes consisting of transition metal oxides, the

equilibrium potential difference ∆ψeq is typically determined experimentally as a function

of the state-of-charge (SOC) defined as c1,P/c1,P,max by fitting experimental data for open-

circuit potential [211–213]. In the absence of experimental data for Nb2O5, ∆ψeq was modeled

as a linear function of SOC as measured for 100 µm thick MnO2 dense films vs. Ag/AgCl
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Table 5.1: Values or ranges of current collector, electrode, and electrolyte dimensions and

properties used in the simulations reported in this study.

Variable Symbol Value Unit

Effective ion diameter a 0.67 nm

Initial ion concentration in the electrode c1,P,0 6.58 mol L−1

Maximum ion concentration in the electrode c1,P,max 32.9 mol L−1

Ion concentration in the bulk electrolyte c∞ 1 mol L−1

Ion diffusion coefficient in the electrolyte D 2× 10−11 m2 s−1

Ion diffusion coefficient in the electrode D1,P 10−14 - 10−12 m2 s−1

Reaction rate constant k0 10−10 - 10−8 m2.5 mol−0.5 s−1

Electrolyte domain thickness L 100 nm

Current collector thickness LC 10 nm

Electrode thickness LP 14.4 - 25.0 nm

Number of layers of electrode spherical particles N 2.5 - 4.5

Radius of electrode spherical particles r 3.75 nm

Temperature T 293 K

Valency z 1

Transfer coefficient α 0.5

Relative permittivity of the electrolyte ϵr 64.4

Potential window vs. Ag/AgCl
ψs,min 0 V

ψs,max 0.4 V

Electrical conductivity of the current collector σC 5 S m−1

Electrical conductivity of the electrode σP 10−4 S m−1
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reference electrode and expressed as [205],

∆ψeq(t) = 10.5[4− c1,P (t)/c1,P,max]− 39.9. (5.16)

Here, the maximum Li+ ion concentration c1,P,max = 32.9 mol L−1 corresponded to fully

lithiated manganese dioxide LiMnO2 [206], and the initial Li+ ion concentration c1,P,0 =

6.58 mol L−1 was such that the initial equilibrium potential difference ∆ψeq,0 was zero.

The transfer coefficient α in the Frumkin-Butler-Volmer equation was assumed to be 0.5 to

consider the ideal case of identical energy barriers for forward and backward reversible redox

reactions [41]. The diffusion coefficient D1,P of Li+ ions in transition metal oxides typically

ranges from 10−16 to 10−10 m2 s−1 [204]. Here, D1,P varied between 10−14 and 10−12 m2 s−1

for different cases of the parametric study (10−14 m2 s−1 for the baseline case). The thickness

of the electrolyte domain was taken as L = 100 nm with bulk ion concentration c∞ = 1 mol

L−1 and valency z = 1. The electrolyte relative permittivity was set to that of PC with

ϵr = 64.4 [207]. The effective ion diameter and the ion diffusion coefficient of both Li+ and

ClO−
4 ions were set to those of solvated Li+ ions in PC with a = 0.67 nm and D = 2× 10−11

m2 s−1, respectively [208]. Finally, the temperature was set to T = 293 K, and the potential

window ranged from ψs,min = 0 V to ψs,max = 0.4 V. This potential window covered both

the Faradaic and the capacitive regimes for the simulated electrode [134]. Specifically, the

Faradaic regime consisted of potentials below 0.2 V where the interfacial charge transfer

kinetics was more favorable for Faradaic reactions to occur, and vice versa for the capacitive

regime. In fact, as the potential approached 0.4 V, the area enclosed within the CV curves

shrunk significantly indicating decreasing capacitance. Therefore, although simulating the

potential window beyond 0.4 V was possible, it would not meaningfully change the main

observations of the study, but it would further increase the computational cost and time of

the simulations.

5.2.5 Method of solution and data processing

The governing equations along with the initial and boundary conditions were solved using

finite element methods in the COMSOL Multiphysics solver. The time-dependent solver
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proceeded at adaptive time steps controlled by an absolute tolerance of 0.01 for SPECS

simulations and 0.001 for CV simulations.

The total current density jT,n(rE/E, t) at the electrode/electrolyte interface located at

rE/E was expressed as the sum of the EDL current density jEDL,n(rE/E, t) and the Faradaic

current density jF,n(rE/E, t) so that jT,n(rE/E, t) = jEDL,n(rE/E, t) + jF,n(rE/E, t). The EDL

current density jEDL,n(rE/E, t) was defined as [214],

jEDL,n(rE/E, t) = −ϵ0ϵr
∂2ψ

∂n∂t
(rE/E, t) (5.17)

where ϵ0 = 8.854 × 10−12 F m−1 is the vacuum permittivity. On the other hand, the

Faradaic current density jF,n(rE/E, t) was computed from the generalized Frumkin-Butler-

Volmer model evaluated at the electrode/electrolyte interface according to [41],

jF,n(rE/E, t) = jF,0(rE/E, t)

{
exp

[
(1− α)zFη(rE/E, t)

RuT

]
− exp

[
−αzFη(rE/E, t)

RuT

]}
(5.18)

where jF,0(rE/E, t) is the local exchange current density expressed as [209,210],

jF,0(rE/E, t) = zFk0[c1(rE/E, t)]
1−α[c1,P,max − c1,P (rE/E, t)]

α[c1,P (rE/E, t)]
α. (5.19)

In addition, the surface overpotential η(rE/E, t) necessary to drive the redox reactions at the

electrode/electrolyte interface [Equation (5.18)] was expressed as [41],

η(rE/E, t) = ∆ψH(rE/E, t)−∆ψeq(t) (5.20)

where ∆ψH(rE/E, t) is the local potential drop across the Stern layer at the elec-

trode/electrolyte interface and ∆ψeq(t) is the equilibrium potential difference.

Finally, the current density j(t) (in A/m2) averaged over the footprint surface area Afp

of the current collector was defined as [215],

j(t) =

∫∫
ABET

jn(rE/E, t)dABET

Afp

. (5.21)

From the numerically simulated cyclic voltammograms, the differential capacitances as-

sociated with EDL formation at the geometric surface Cdiff,1(ψs) and at the porous sur-

face Cdiff,2(ψs), defined per unit surface area Afp of the current collector, were determined
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as [203],

Cdiff,i(ψs) =

∣∣∣∣
∫∫

ABET,i
jEDL,n(rE/E, ψs)dABET,i

Afpν

∣∣∣∣ with i = 1 or 2. (5.22)

Moreover, the differential total EDL footprint capacitance Cdiff,EDL(ψs) was simply the sum

of Cdiff,1(ψs) and Cdiff,2(ψs), i.e.,

Cdiff,EDL(ψs) = Cdiff,1(ψs) + Cdiff,2(ψs). (5.23)

5.2.6 SPECS fitting model

In the absence of residual current density (i.e., jSr (t) = 0) and combining Equations (5.2)

and (5.10), the original fitting function of the SPECS method for the total footprint current

density response to an imposed potential step ∆ψs in a porous pseudocapacitive electrode

is such that [113–115],

jST (t) =
∆ψs

R1

exp

(
− t

R1C1

)
+

∆ψs

R2

exp

(
− t

R2C2

)
+ P1 exp(−P2t). (5.24)

Here, superscript “S” refers to fitting functions of the different current densities in the

original SPECS method in order to distinguish them from the numerical evaluations of

jEDL(t), jF (t) and jT (t) obtained from simulations [Equations (5.17), (5.18), and (5.21)].

The fitting parameters R1(ψs), R2(ψs), C1(ψs), C2(ψs), P1(ψs), and P2(ψs) were determined

by nonlinear least squares fitting of the footprint current densities at each potential step by

minimizing the objective function δ defined as [216],

δ =
Ns∑
i=1

{[
jT (ti)− jST (ti)

] ∆ti
te

}2

(5.25)

where ∆ti = ti − ti−1 is the adaptive time step. This definition of δ ensured that the results

were unaffected by the exact size of the adaptive time steps taken by the time-dependent

solver.

A genetic algorithm solver was used for this optimization problem [217]. For each fit-

ting trial, the algorithm randomly generated an initial population of 200 fitting parameter

values. During each generation, a portion of the existing population was selected, based
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on the objective function δ, to generate a new population of 200 fitting parameter values.

Convergence was reached if (i) the average relative change in the best objective function δ

over 200 generations was less than 10−5, or (ii) 105 generations had been produced [217].

5.3 Results and discussion

5.3.1 SPECS simulation and original SPECS fitting model

Figure 5.2(a) plots the temporal evolution of the imposed potential ψs(0, y, z, t) given by

Equation (5.14) during a charging/discharging cycle for numerical simulations of the SPECS

method. It involved a series of small potential steps of ∆ψs = 0.04 V with equilibration

time te = 0.4 s. To avoid discontinuity in the potential ψ(r, t) and the associated numerical

instabilities at the transition from one step to another, the potential step was smoothed

using a polynomial function with a continuous second order derivative during a transition

time tt = 0.5 ms, as developed previously [186].

Figure 5.2(b) plots the numerically simulated total footprint current density jT (t) result-

ing from the imposed potential ψs(0, y, z, t). Figure 5.2 also plots the simulated footprint

current densities due to (c) EDL formation jEDL(t) [Equations (5.17) and (5.21)] and (d)

Faradaic reactions jF (t) [Equations (5.18) and (5.21)] such that jT (t) = jEDL(t) + jF (t).

Here, the current densities were recorded at intervals based on adaptive time steps, giving

129 data points per potential step for the fitting analysis of the SPECS method.

Figure 5.3 compares the numerically simulated Faradaic footprint current density jF (t)

[Equations (5.18) and (5.21)] with the fitted current density jSF (t) using the original SPECS

fitting function [Equation (5.10)] (a) at ψs = 0.4 V during charging and (b) at ψs = 0 V

during discharging, with potential steps ∆ψs = 0.04 V. Here, the simulated current density

jF (t) showed significant discrepancies with the fitted current density jSF (t) at both potentials.

At ψs = 0 V in particular, the fitted Faradaic current density jSF (t) failed to capture the spike

and the rapid decay of the simulated current density jF (t) within 0.02 s after the imposed

potential step. Figure 5.3 then plots log|jF (t)| as a function of time t (c) at ψs = 0.4 V during
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Figure 5.2: Temporal evolution of (a) the imposed potential ψs(0, y, z, t) [Equation (5.14)]

with step size ∆ψs = 0.04 V and equilibration time te = 0.4 s and resulting (b) total jT (t),

(c) EDL jEDL(t), and (d) Faradaic jF (t) footprint current densities [Equations (5.17), (5.18),

and (5.21)] obtained with the SPECS method.
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Figure 5.3: Numerically simulated Faradaic footprint current density jF (t) [Equations (5.18)

and (5.21)] and fitted current density jSF (t) using the original SPECS fitting function [Equa-

tion (5.24)] (a) at ψs = 0.4 V during charging and (b) at ψs = 0 V during discharging, with

potential steps ∆ψs = 0.04 V. (c, d) Data of (a, b) plotted as log|jF (t)| vs. time t.
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charging and (d) at ψs = 0 V during discharging. In both cases, log|jF (t)| featured a clear

change in slope during the potential step, and it approached separate asymptotes (dashed

lines) on either side of this inflection point. This suggests that the Faradaic footprint current

density jF (t) in a porous pseudocapacitive electrode featured two distinct relaxation time

constants. Thus, the expression of Equation (5.10), validated for planar electrodes, should

be modified.

5.3.2 Modified SPECS fitting model

In light of the previous observations, the original SPECS fitting function given by Equation

(5.10) for the Faradaic footprint current density was revised to include two exponential

decays, i.e.,

jMF (t) = jMF1(t) + jMF2(t) = P1 exp(−P2t) + P3 exp(−P4t) (5.26)

where superscript “M” refers to the modified SPECS fitting model. Here, jMF1(t) represents

the surface-controlled Faradaic footprint current density due to reversible redox reactions

occurring at or near the electrode/electrolyte interface and limited by interfacial charge

transfer kinetics [49, 99]. Similarly, jMF2(t) represents the diffusion-controlled Faradaic foot-

print current density due to ion intercalation/deintercalation in/out of the electrode spherical

particles and limited by solid state ion diffusion [49, 99]. Thus, the fitting function of the

SPECS method for the total footprint current density response to an imposed potential step

∆ψs in a porous pseudocapacitive electrode is now written as,

jMT (t) =
∆ψs

R1

exp

(
− t

R1C1

)
+

∆ψs

R2

exp

(
− t

R2C2

)
+ P1 exp(−P2t) + P3 exp(−P4t).

(5.27)

The rest of the fitting procedure was the same as that previously described. Here, Equa-

tion (5.27) included four time constants namely (i) the EDL time constant τEDL1(ψs) =

R1(ψs)C1(ψs) associated with fast EDL formation at the so-called geometric surface, (ii)

the EDL time constant τEDL2(ψs) = R2(ψs)C2(ψs) associated with slower EDL formation

at the electrode/electrolyte interface within the porous electrode, (iii) the Faradaic time
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constant τF1(ψs) = 1/P2(ψs) depending on the rate of interfacial charge transfer kinetics in

surface-controlled Faradaic reactions, and (iv) the Faradaic time constant τF2(ψs) = 1/P4(ψs)

representing the diffusion time constant τd associated with diffusion-controlled Faradaic reac-

tions [186]. As such, τEDL1(ψs) and τF1(ψs) were expected to be smaller than τEDL2(ψs) and

τF2(ψs), respectively. The fitting parameters R1(ψs), R2(ψs), C1(ψs), C2(ψs), P2(ψs), and

P4(ψs) were positive real numbers, while P1(ψs) and P3(ψs) were positive during charging

and negative during discharging.

Figure 5.4 compares the numerically simulated (a, b) total jT (t), (c, d) EDL jEDL(t), and

(e, f) Faradaic jF (t) footprint current densities (same as in Figure 5.2) with their respective

fit (a, b) jMT (t), (c, d) jMEDL(t), and (e, f) jMF (t) using the modified SPECS fitting function

[Equation (5.27)] at ψs = 0.4 V during charging and ψs = 0 V during discharging, with po-

tential steps ∆ψs = 0.04 V. Here, the numerically simulated current densities jT (t), jEDL(t),

and jF (t) were closely matched by the fitted current densities jMT (t), jMEDL(t), and jMF (t)

retrieved from the modified SPECS fitting function at both potentials within the entire time

range, unlike from the original SPECS fitting function (Figure 5.3).

Figure 5.5 plots the EDL footprint current densities at the geometric surface jMEDL1(t) and

at the porous surface jMEDL2(t) as well as the surface-controlled j
M
F1(t) and diffusion-controlled

jMF2(t) Faradaic footprint current densities [Equation (5.27)] predicted by the modified SPECS

fitting function at ψs = 0.4 V during charging and ψs = 0 V during discharging, with

potential steps ∆ψs = 0.04 V. Note that the fitted EDL jMEDL(t) and Faradaic jMF (t) footprint

current densities are such that jMEDL(t) = jMEDL1(t) + jMEDL2(t) and j
M
F (t) = jMF1(t) + jMF2(t).

Immediately after imposing a potential step, the footprint current densities featured a spike

due to EDL formation, redox reactions, and ion intercalation/deintercalation in/out of the

electrode spherical particles [186]. This spike was not captured by the fitting function due

to the truncation performed to obtain Equation (5.10) from Equation (5.7). Afterwards,

jEDL1(t) decayed faster than jEDL2(t) with respect to time t as EDL was forming or dissolving

faster at the geometric surface than at surfaces within the porous electrode. Therefore, as

expected, the time constants were such that τEDL1(ψs) < τEDL2(ψs) [113–115]. In addition,

jF1(t) decayed rapidly at low potentials due to fast interfacial charge transfer kinetics in
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Figure 5.4: Numerically simulated (a, b) total jT (t), (c, d) EDL jEDL(t), and (e, f) Faradaic

jF (t) footprint current densities [Equations (5.17), (5.18), and (5.21)] along with their re-

spective fit (a, b) jMT (t), (c, d) jMEDL(t), and (e, f) jMF (t) using the modified SPECS fitting

function [Equation (5.27)] at ψs = 0.4 V during charging and at ψs = 0 V during discharging,

with potential steps ∆ψs = 0.04 V. Insets show the rapid changes between 0 and 0.02 s.
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Figure 5.5: EDL footprint current densities at the geometric surface jMEDL1(t) and at the

porous surface jMEDL2(t) as well as surface-controlled jMF1(t) and diffusion-controlled jMF2(t)

Faradaic footprint current densities [Equation (5.27)] predicted by the modified SPECS

fitting function (a, c) at ψs = 0.4 V during charging and (b, d) at ψs = 0 V during

discharging, with potential steps ∆ψs = 0.04 V. Note that the fitted EDL jMEDL(t) and

Faradaic jMF (t) footprint current densities are such that jMEDL(t) = jMEDL1(t) + jMEDL2(t) and

jMF (t) = jMF1(t) + jMF2(t).
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the Faradaic regime but slowly at high potentials due to slow kinetics in the capacitive

regime [134]. By contrast, jF2(t) decayed slowly at all potentials due to consistently slow

ion intercalation/deintercalation in/out of the electrode spherical particles and the relatively

large time constant τF2(ψs).

5.3.3 SPECS fitting parameters interpretation

Figure 5.6 plots the fitting parameters R1(ψs), C1(ψs), R2(ψs), and C2(ψs) associated with

EDL formation while Figure 5.7 plots |P1(ψs)|, P2(ψs), |P3(ψs)|, and P4(ψs) associated

with Faradaic reactions of the modified SPECS model as functions of potential ψs during a

charging/discharging cycle between ψs,min = 0 V and ψs,max = 0.4 V with potential steps

∆ψs = 0.04 V. First, all eight fitting parameters retrieved independently at each step formed

continuous functions of ψs and their values obtained for the charging phase were similar to

those of the discharging phase across the potential window. They were also approximately

continuous functions of ψs, consistent with the results reported in our previous study [186].

Figures 5.6(a) and 5.6(c) indicate that the footprint resistance R2(ψs) associated with

the porous surface EDL was two orders of magnitude larger than R1(ψs) associated with

the geometric surface EDL. Indeed, ions from the bulk electrolyte had to transport along

tortuous paths through the porous electrode structure before reaching the surface of the

particles, while they could reach the geometric surface from the bulk electrolyte without

much resistance [113–115]. Similarly, Figures 5.6(b) and 5.6(d) indicate that the porous

surface EDL footprint capacitance C2(ψs) was one order of magnitude larger than the geo-

metric surface EDL footprint capacitance C1(ψs). In fact, compared to the geometric surface,

the porous surface accounted for the vast majority of the total electrode/electrolyte inter-

facial area [113–115]. These results were consistent with the observations by Dupont and

Donne [113–115]. Finally, Figures 5.6(e) and 5.6(f) plot the geometric EDL time constant

τEDL1(ψs) = R1(ψs)C1(ψs) and the porous EDL time constant τEDL2(ψs) = R2(ψs)C2(ψs).

Here also, the values of each time constant were not only similar between charging and dis-

charging but also relatively consistent across the entire potential window. This suggests that
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Figure 5.6: Fitting parameters of the modified SPECS model associated with EDL formation

(a) R1(ψs), (b) C1(ψs), (c) R2(ψs), and (d) C2(ψs) along with EDL time constants (e)

τEDL1(ψs) = R1(ψs)C1(ψs) and (f) τEDL2(ψs) = R2(ψs)C2(ψs) as functions of potential ψs

during a charging/discharging cycle between ψs,min = 0 V and ψs,max = 0.4 V with potential

steps ∆ψs = 0.04 V.
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Figure 5.7: Fitting parameters of the modified SPECS model associated with Faradaic reac-

tions (a) |P1(ψs)|, (b) P2(ψs), (c) |P3(ψs)|, and (d) P4(ψs) as functions of potential ψs during

a charging/discharging cycle between ψs,min = 0 V and ψs,max = 0.4 V with potential steps

∆ψs = 0.04 V.
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the kinetics of EDL formation, either at the interface of the electrode with the bulk elec-

trolyte (geometric surface) or at the interfacial surface of micropores and mesopores within

the porous electrode (porous surface), did not vary significantly with changing potential.

Moreover, as expected, the geometric surface was more accessible than the porous surface

such that at any potential τEDL1(ψs) < τEDL2(ψs).

In order to investigate the influence of electrode particle layer number N on the fitting

parameters, three cases were compared with N = 2.5, 3.5, and 4.5, respectively. Figure

B.5 in Appendix B plots the four fitting parameters associated with EDL formation at the

electrode/electrolyte interface: (a) R1(ψs), (b) C1(ψs), (c) R2(ψs), and (d) C2(ψs). Here, the

porous surface area ABET,2 increased with larger particle layer number [Figure 5.1(c)]. For

example, the three cases provided ABET,2 of 176.7, 265.1, and 353.4 nm2, respectively. As the

porous surface area available for EDL formation increased, the porous surface EDL footprint

capacitance C2(ψs) increased correspondingly [Figure B.5(d)]. By contrast, the geometric

surface area ABET,1 remained the same at 44.2 nm2 regardless of particle layer number [Figure

5.1(b)]. Therefore, all three cases had similar geometric surface EDL footprint capacitances

C1(ψs) [Figure B.5(b)]. The same applied for the footprint resistances associated with the

geometric surface R1(ψs) and the porous surface R2(ψs) EDL [Figures B.5(a) and B.5(c)],

chiefly because the main factors contributing to the resistance of EDL formation, such as

ion transport properties in the electrolyte, or the tortuosity of the porous pseudocapacitive

electrode, remained the same regardless of particle layer number.

Figures 5.7(a) and 5.7(b) indicate that |P1(ψs)| and P2(ψs) were strongly dependent on

the rate of interfacial charge transfer kinetics but were the same at any given potential

ψs during charging and discharging. Indeed, the diminishing kinetics rate with increasing

potential and the transition from the Faradaic to the capacitive regime led to a sharp decrease

in both |P1(ψs)| and P2(ψs). In fact, according to our previous study [186] validating the

original SPECS fitting function [Equation (5.24)] for 1D planar pseudocapacitive electrodes,

|P1(ψs)| was a function of both Λ and b1, while P2(ψs) was a function of b1 only. Specifically,

with increasing potential, the interfacial charge transfer resistance Rct increased but the

diffusion resistance Rd was relatively constant, such that Λ decreased according to Equation
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(5.9). This meant that b1, as the first root of Equation (5.8), decreased as well. As a result,

both |P1(ψs)| and P2(ψs) decreased sharply with increasing potential, according to Equation

(5.11). Finally, a parametric study was performed where the reaction rate constant k0 varied

between 10−10 and 10−8 m2.5 mol−0.5 s−1 for different cases. Here, increasing k0 increased

the rate of interfacial charge transfer kinetics and resulted in faster surface redox reactions.

Consequently, both |P1(ψs)| and P2(ψs) increased. These results are described in detail in

Appendix B (see Section B.3.1).

Figures 5.7(c) and 5.7(d) indicate that |P3(ψs)| and P4(ψs) did not vary significantly with

changing potential. This suggests that the transport rate of ion intercalation/deintercalation

in/out of the electrode spherical particles and the associated time constants were relatively

constant across the entire potential window [134]. Indeed, the local concentration of Li+

ions in the electrode c1,P (r, t) was governed by the 3D transient mass diffusion equation (see

Appendix B) and the ion diffusion coefficient was assumed to be constant with D1,P = 10−14

m2 s−1 for the baseline case. Finally, a parametric study was performed where the ion

diffusion coefficient D1,P varied between 10−14 and 10−12 m2 s−1 for different cases. Here,

increasing D1,P increased the rate of solid state ion diffusion. Consequently, both |P3(ψs)|

and P4(ψs) increased. These results are described in detail in Appendix B (see Section B.3.2).

Figure 5.8(a) plots the numerically simulated cyclic voltammograms after imposing the

potential ψs(0, y, z, t) given by Equation (5.15) in the same porous pseudocapacitive elec-

trode as that simulated in Figures 5.6 and 5.7. The potential window ranged from ψs,min = 0

V to ψs,max = 0.4 V, and the scan rate was chosen as ν = ∆ψs/te = 0.1 V s−1, both con-

sistent with the conditions in the SPECS simulations. The overall shapes of the simulated

cyclic voltammograms were similar to those typically measured experimentally [218]. Figures

5.8(b) and 5.8(c) compare the EDL footprint capacitances for the geometric surface C1(ψs)

and the porous surface C2(ψs) obtained from SPECS using the modified fitting function

with the differential capacitances Cdiff,1(ψs) and Cdiff,2(ψs) calculated from cyclic voltam-

mograms [Equation (5.22)]. Good agreement was obtained between the two independent

methods during both charging and discharging. Moreover, Figure 5.8(d) compares the total

EDL footprint capacitance CEDL(ψs) calculated as the sum of C1(ψs) and C2(ψs) [Equation
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Figure 5.8: (a) Numerically simulated cyclic voltammograms after imposing the potential

ψs(0, y, z, t) given by Equation (5.15) in the porous pseudocapacitive electrode within a

potential window from ψs,min = 0 V to ψs,max = 0.4 V at scan rate ν = 0.1 V s−1. Comparison

of capacitances (b) C1(ψs), (c) C2(ψs), and (d) CEDL(ψs) obtained from SPECS using the

modified fitting function with differential capacitances (b) Cdiff,1(ψs), (c) Cdiff,2(ψs), and

(d) Cdiff,EDL(ψs) calculated from cyclic voltammograms [Equations (5.22) and (5.23)].
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(5.3)] with the differential total EDL footprint capacitance Cdiff,EDL(ψs) calculated from

cyclic voltammograms [Equation (5.23)]. Here also, CEDL(ψs) was in good agreement with

Cdiff,EDL(ψs) during both charging and discharging. These results demonstrate that the

modified SPECS method [Equation (5.27)] can accurately predict the contributions from

EDL formation both at the geometric surface and at the porous surface to the differential

EDL capacitance.

5.3.4 MUSCA method

The MUSCA method was applied to the various fitted footprint current densities jMi (t) at

a given scan rate ν to obtain the mean footprint current densities jAi (ψs) at potential ψs

expressed as,

jAi (ψs) =
1

tν

∫ tν

0

jMi (t)dt (5.28)

with subscript i = T , EDL, EDL1, EDL2, F , F1, or F2. Then, cyclic voltammograms were

reconstructed by plotting jAi (ψs) vs. ψs. Finally, the integral footprint capacitance CA
int,i(ν)

associated with each charge storage mechanism at scan rate ν was determined as [203],

CA
int,i(ν) =

∮
jAi (ψs)

2ν(ψs,max − ψs,min)
dψs. (5.29)

Figure 5.9(a) indicates that the total jAT (ψs), EDL jAEDL(ψs), and Faradaic jAF (ψs) mean

footprint current densities obtained from the MUSCA method within the potential window

from ψs,min = 0 V to ψs,max = 0.4 V at scan rate ν = 0.1 V s−1 were comparable with the

numerically simulated cyclic voltammograms during both charging and discharging. Figures

5.9(b) and 5.9(c) proceed to plot the reconstructed cyclic voltammograms associated with

each charge storage mechanism at scan rates ν = 0.1 V s−1 and ν = 10 V s−1. Finally,

Figure 5.9(d) plots the corresponding integral footprint capacitance CA
int,i(ν) for scan rates

ν from 0.1 to 10 V s−1 [Equation (5.29)]. Note that the chosen scan rates were higher than

those typically imposed in experimental measurements. This was attributed to the fact that

the simulated electrode was thin and the influence of resistive losses and ion diffusion lim-

itations only became apparent at such high scan rates. In fact, similar behavior was also
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Figure 5.9: (a) Comparison of total jAT (ψs), EDL jAEDL(ψs), and Faradaic jAF (ψs) mean foot-

print current densities obtained from the MUSCA method [Equations (5.13) and (5.28)]

with the numerically simulated cyclic voltammograms at scan rate ν = 0.1 V s−1. Recon-

structed cyclic voltammograms associated with each charge storage mechanism at scan rates

(b) ν = 0.1 V s−1 and (c) ν = 10 V s−1. (d) Corresponding integral footprint capacitance

CA
int,i(ν) for scan rates ν from 0.1 to 10 V s−1 [Equation (5.29)].
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observed in our previous studies simulating CV measurements in planar pseudocapacitive

electrodes [135] and in ordered carbon spheres EDLC electrodes [215]. Figure 5.9(d) sug-

gests that the integral total footprint capacitance CA
int,T (ν) decreased with increasing scan

rate. The integral geometric surface EDL footprint capacitance CA
int,EDL1(ν) remained nearly

constant across the range of scan rates considered. This was due to the fast transport and

adsorption of ions at the geometric surface [219]. By contrast, the integral porous surface

EDL footprint capacitance CA
int,EDL2(ν) decreased monotonously with increasing scan rate

due to slower ion transport through the tortuous porous electrode. On the other hand, the

integral surface-controlled Faradaic footprint capacitance CA
int,F1(ν) first remained constant,

then decreased as the scan rate increased above 0.2 V s−1 when the rate of interfacial charge

transfer kinetics became limiting. Finally, the integral diffusion-controlled Faradaic footprint

capacitance CA
int,F2(ν) decreased monotonously with increasing scan rate due to rate-limited

transport associated with solid state ion diffusion in the particle [219]. At low scan rates,

EDL formation and diffusion-controlled Faradaic reactions within the porous electrode con-

tributed to the majority of the total charge storage. However, as the scan rate increased,

EDL formation and Faradaic reactions at the geometric surface became the dominant charge

storage mechanism.

5.4 Chapter summary

In a previous study, we numerically validated the SPECS method proposed by Dupont

and Donne [113–115] against numerical simulations for 1D planar pseudocapacitive elec-

trodes. However, in this follow-up study, numerical simulations showed that the original

SPECS fitting function could not adequately describe the current response in 3D porous

pseudocapacitive electrodes. Therefore, the SPECS method was modified with a new fitting

function to account for contributions from EDL formation at the electrode surface or at the

electrode/electrolyte interface within the porous electrode, and from surface-controlled or

diffusion-controlled Faradaic reactions. The modified SPECS method was successfully vali-

dated against numerical simulations for 3D porous pseudocapacitive electrodes, based on the
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modified Poisson-Nernst-Planck (MPNP) model coupled with the Frumkin-Butler-Volmer

theory to reproduce experimental data obtained from the SPECS method. Specifically, the

numerically simulated total jT (t), EDL jEDL(t), and Faradaic jF (t) current densities were

properly fitted by the current densities jMT (t), jMEDL(t), and j
M
F (t) retrieved from the modi-

fied SPECS fitting function. Furthermore, the capacitances associated with EDL formation

obtained from SPECS were in good agreement with those obtained from CV simulations.

Finally, cyclic voltammograms were reconstructed from the MUSCA method. The integral

capacitances associated with various charge storage mechanisms illustrated the faster kinet-

ics of EDL formation at the geometric surface vs. at the porous surface, and the faster

kinetics of surface-controlled vs. diffusion-controlled Faradaic reactions. Overall, this modi-

fied fitting function makes the SPECS method more accurate in distinguishing the different

charge storage mechanisms in actual porous pseudocapacitive electrodes.
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CHAPTER 6

Conclusions and Future Work

6.1 Conclusions

The objectives of this dissertation were (i) to investigate the effect of particle size on thermo-

dynamics and energy dissipation in electrodes made of Ti2Nb2O9 microparticles or nanopar-

ticles, (ii) to demonstrate the superior electrochemical performance and reduced heat gen-

eration in 3D printed vs. 2D tape-casted NMC622 electrodes, (iii) to develop a novel

microcalorimetry electrothermal impedance spectroscopy (ETIS) measurement method to

rapidly determine the open-circuit voltage UOCV , the entropic potential ∂UOCV /∂T , and the

partial entropy changes at each electrode of a battery cell, and (iv) to numerically adapt

and validate the step potential electrochemical spectroscopy (SPECS) method for three-

dimensional porous pseudocapacitive electrodes.

First, this dissertation investigated the tunnel-structured Ti2Nb2O9 with fast charging

capabilities at potentials above 1.0 V vs. Li/Li+ to limit SEI and dendrite formation. A novel

sol-gel method was proposed to synthesize Ti2Nb2O9 nanoparticles (around 50 nm) for use in

lithium-ion battery electrodes. These electrodes were compared with those made of Ti2Nb2O9

microparticles (around 1 µm) synthesized by the traditional solid-state method using unique

characterization techniques including potentiometric entropy measurements and operando

isothermal calorimetry. Cyclic voltammetry and galvanostatic cycling demonstrated the

superior specific capacity, greater cycling reversibility, and smaller capacity drop with in-

creasing current for electrodes made of Ti2Nb2O9 nanoparticles compared to those made of

Ti2Nb2O9 microparticles. Furthermore, in situ XRD measurements revealed only minor and

reversible distortions to the crystallographic structures of both types of Ti2Nb2O9. In ad-
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dition, potentiometric entropy measurements indicated that both types of electrodes under-

went lithium ion intercalation/deintercalation in a homogeneous solid solution of Ti2Nb2O9

during cycling. In fact, overlapping entropic potential profiles suggested that the particle

size had no influence on the thermodynamics behavior of Ti2Nb2O9. However, according to

operando isothermal calorimetry, electrodes made of Ti2Nb2O9 nanoparticles exhibited less

energy dissipation and heat generation at any given C-rate than those made of Ti2Nb2O9

microparticles, thanks to their smaller particle size and larger specific surface area which

facilitate lithium ion transport.

Then, this dissertation compared the thermodynamics behavior, ion transport, and en-

ergy dissipation in NMC622 electrodes made by a novel 3D printing technology with those

made by the conventional 2D tape casting procedure. Here also, potentiometric entropy

measurements indicated that both types of electrodes had similar thermodynamics behavior.

They both underwent lithium deintercalation in a homogeneous solid solution of NMC622 fol-

lowed by a transition from a hexagonal (H1) phase to another hexagonal (H2) phase through

a monoclinic (M) phase, as identified in previous studies. Operando isothermal calorimetry

revealed that, at high C-rates, the 3D printed electrodes exhibited larger specific capacity

and better rate performance than the 2D tape-casted electrodes. This could be attributed

to the larger electrode/electrolyte interfacial surface area and electrical conductivity, and to

the faster lithium ion transport in the 3D printed electrodes. These features also contributed

to the smaller instantaneous heat generation rates and the reduced overall specific electrical

energy and thermal energy dissipation per unit charge stored at the 3D printed electrodes

than at the 2D tape-casted electrodes when tested under the same conditions. The supe-

rior electrochemical performance and the reduced heat generation of 3D printed NMC622

electrodes highlights the prospects of employing additive manufacturing techniques to create

electrodes for fast charging batteries.

Furthermore, this dissertation presented a novel and fast microcalorimetry ETIS mea-

surement method using an operando isothermal calorimeter to determine the open-circuit

voltage UOCV , the entropic potential ∂UOCV /∂T , and the partial entropy changes at each

electrode as functions of the state of charge of a battery cell, all within only a few hours while
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other state-of-the-art methods would take at least a few days. The apparatus was designed

for cells with material mass loadings on the order of milligrams and measured heat genera-

tion rates on the order of microwatts. The method consists of imposing a sinusoidal current

and measuring the potential response as well as the heat generation rates at each electrode

separately. The open-circuit voltage UOCV of the cell was acquired by time-averaging the

measured potential response. Furthermore, FFT analysis of the measured total heat gener-

ation rate was used to retrieve the entropic potential ∂UOCV /∂T of the entire cell without

having to measure the cell potential at several different temperatures. The procedure was

first validated numerically and then demonstrated experimentally with battery cells con-

sisting of PNb9O25 or TiNb2O7 working electrodes and metallic lithium counter electrodes.

The open-circuit voltage and the normalized entropic potential retrieved from the novel

microcalorimetry ETIS measurements agreed well with those previously determined by po-

tentiometric entropy measurements based on GITT at three different temperatures [1, 59].

Finally, the partial entropy changes at each electrode were calculated from the individually

measured heat generation rates. Compared to other state-of-the-art methods, this is the first

method capable of retrieving the partial entropy changes of LIB materials at each electrode.

Finally, this dissertation focused on numerical simulations of another novel characteri-

zation method, namely the SPECS method in three-dimensional porous pseudocapacitive

electrodes. In a previous study, we numerically validated the SPECS method proposed by

Dupont and Donne [113–115] against numerical simulations for 1D planar pseudocapacitive

electrodes. However, this follow-up study showed that the original SPECS fitting function

could not adequately describe the current response in 3D porous pseudocapacitive electrodes.

Therefore, the SPECS method was modified with a new fitting function to account for contri-

butions from EDL formation at the electrode surface or at the electrode/electrolyte interface

within the porous electrode, and from surface-controlled or diffusion-controlled Faradaic

reactions. The modified SPECS method was successfully validated against numerical sim-

ulations for 3D porous pseudocapacitive electrodes, based on the modified Poisson-Nernst-

Planck model coupled with the Frumkin-Butler-Volmer theory to reproduce experimental

data obtained from the SPECS method. Furthermore, the capacitances associated with
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EDL formation obtained from SPECS were in good agreement with those obtained from

CV simulations. Finally, cyclic voltammograms were reconstructed from the multiple po-

tential step chronoamperometry (MUSCA) method. The integral capacitances associated

with various charge storage mechanisms illustrated the faster kinetics of EDL formation at

the geometric surface vs. at the porous surface, and the faster kinetics of surface-controlled

vs. diffusion-controlled Faradaic reactions. Overall, this modified fitting function makes the

SPECS method more accurate in distinguishing the different charge storage mechanisms in

actual porous pseudocapacitive electrodes.

6.2 Future work

6.2.1 Effect of temperature on electrochemical performance, transport phe-

nomena, and thermodynamics of γ-phase MnO2

Chapter 2 showed that electrodes made of Ti2Nb2O9 microparticles or nanoparticles had

similar thermodynamics behavior due to their identical chemical composition. However, elec-

trodes made of Ti2Nb2O9 nanoparticles exhibited not only superior electrochemical perfor-

mance but also reduced heat generation compared to those made of microparticles. This dif-

ference was attributed to the enhanced reaction kinetics and ion transport within Ti2Nb2O9

nanoparticles compared to microparticles. Similarly, Chapter 3 showed that 3D printed or

2D tape-casted NMC622 electrodes had similar thermodynamics behavior. However, at high

C-rates, the 3D printed electrodes exhibited larger specific capacity, better rate performance,

and reduced heat generation than the 2D tape-casted electrodes. This difference came as a

result of the larger electrode/electrolyte interfacial surface area and electrical conductivity,

and the faster lithium ion transport in the 3D printed electrodes. Both studies demon-

strated that the intrinsic microstructure of the electrodes have a significant effect on their

performance.

The external conditions that the electrodes operate in, specifically the temperature, is also

a major factor when evaluating their thermodynamics behavior, captured by the open-circuit
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voltage UOCV (x, T ) and the entropic potential ∂UOCV (x, T )/∂T . In light of the growing focus

on employing electrochemical energy storage systems in extreme environments, future work

should consider performing electrochemical tests, potentiometric entropy measurements, and

operando isothermal calorimetry of battery or pseudocapacitive devices at varying temper-

atures. In particular, low temperatures generally slow down the ion transport within the

electrodes, and may also shift the surface kinetics for the redox reactions [152].

Here we use γ-phase MnO2 as a reference pseudocapacitive electrode material for its

excellent specific capacity and rate performance [106]. A batch of CR2032 coin cells were

fabricated consisting of (i) γ-phase MnO2 working electrode (mass ratio of MnO2:conductive

carbon:PVDF = 80:10:10, mass loading around 2 mg/cm2, 0.5 inch diameter), (ii) lithium

metal counter electrode (250 µm thickness, 16 mm diameter), (iii) Celgard 2325 separator,

and (iv) 1.2 M LiPF6 in EC:EMC 3:7 w/w electrolyte. Figure 6.1 plots the potential profiles

during galvanostatic cycling of γ-phase MnO2/lithium metal coin cells cycled between 2.0

and 4.0 V vs. Li/Li+ at C-rate of C/10 at temperature of (a) 45 °C, (b) 20 °C, and (c) -5 °C,

as well as the comparison of the third cycle at each temperature. Here, the coin cells showed

consistently increasing specific capacity with increasing temperature, including both the first

formation cycle and the two subsequent cycles. Figure 6.2 plots the cyclic voltammogram

of γ-phase MnO2/lithium metal coin cells cycled between 2.0 and 3.5 V vs. Li/Li+ at scan

rates ν ranging between 0.1 and 10 mV/s at temperature of (a) 45 °C, (b) 20 °C, and (c) -5

°C, as well as the comparison of the specific integral capacitance Cint,m at each temperature.

Here also, the coin cells showed consistently smaller polarization and better performance

with increasing temperature, particularly at high scan rates. Both tests suggest that the

rates of transport phenomena within the electrodes is enhanced at elevated temperatures

and diminished under freezing conditions.

Finally, Figure 6.3 plots the cell potential V (x, T ), the open-circuit voltage UOCV (x, T ),

and the entropic potential ∂UOCV (x, T )/∂T of γ-phase MnO2/lithium metal coin cells as

functions of lithium composition x during lithiation at C-rate of C/10 at temperature of (a)

45 °C, (b) 20 °C, and (c) -5 °C, as well as the comparison between the profiles of entropic

potential ∂UOCV (x, T )/∂T as a function of open-circuit voltage UOCV (x, T ) at each temper-
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Figure 6.1: Potential profiles during galvanostatic cycling of γ-phase MnO2/lithium metal

coin cells cycled between 2.0 and 4.0 V vs. Li/Li+ at C-rate of C/10 at temperature of (a) 45

°C, (b) 20 °C, and (c) -5 °C, as well as (d) comparison of the third cycle at each temperature.
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Figure 6.2: Cyclic voltammogram of γ-phase MnO2/lithium metal coin cells cycled between

2.0 and 3.5 V vs. Li/Li+ at scan rates ν ranging between 0.1 and 10 mV/s at temperature

of (a) 45 °C, (b) 20 °C, and (c) -5 °C, as well as (d) comparison of the specific integral

capacitance Cint,m at each temperature.
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Figure 6.3: Cell potential V (x, T ), open-circuit voltage UOCV (x, T ), and entropic potential

∂UOCV (x, T )/∂T of γ-phase MnO2/lithium metal coin cells as functions of lithium composi-

tion x during lithiation at C-rate of C/10 at temperature of (a) 45 °C, (b) 20 °C, and (c) -5

°C. (d) Comparison between the profiles of entropic potential ∂UOCV (x, T )/∂T as a function

of open-circuit voltage UOCV (x, T ) at each temperature.
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ature. Interestingly, these results from potentiometric entropy measurements indicate that

the temperature variations also impacted the thermodynamics of the γ-phase MnO2. The

open-circuit voltage UOCV (x, T ) exhibited an inflection point for 0.1 < x < 0.2 at 45 °C,

which almost disappeared at -5 °C. The entropic potential ∂UOCV (x, T )/∂T visibly decreased

alongside a tilde-shaped fluctuation for 0.1 < x < 0.3 at 45 °C, but at -5 °C it became rela-

tively flat and only dropped towards the end of lithiation. This suggests that both the ion

intercalation and the ion ordering phenomena were inhibited at low temperatures, possibly

due to reduced ion mobility and thermal agitation under those conditions. Further investi-

gations could be conducted to explain the mechanisms behind such observations. This study

would give additional insight into the behavior of electrode materials at various tempera-

tures, from the perspectives of transport phenomena and thermodynamics. Overall, it would

provide guidelines for the synthesis, fabrication, and design of battery or pseudocapacitive

electrodes with improved performance for extreme temperature applications.

6.2.2 Developing strategies to retrieve material and electrochemical properties

from various characterization methods of redox-active intercalation elec-

trodes

Chapter 5 presented numerical simulations of a three-dimensional porous pseudocapacitive

electrode model. In constitutive relationships (Section 5.2.4), we described that the values of

various properties required for the physical model (Table 5.1) were generally retrieved from

the literature based on past experimental measurements. The completeness and accuracy

of these values were important for the validity of the physical model. Therefore, it would

be useful to summarize and refine strategies of using different characterization methods

to retrieve the key material and electrochemical properties of battery or pseudocapacitive

electrodes or devices.

Figure 6.4 presents a proposed flowchart for this entire procedure considering a redox-

active intercalation electrode in a three-electrode configuration. The electrode is tested under

three different electrochemical characterization methods: cyclic voltammetry (CV), step
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Figure 6.4: Procedure using different characterization methods to retrieve the key material

and electrochemical properties imposed in the physical model.

potential electrochemical spectroscopy (SPECS), and galvanostatic intermittent titration

technique (GITT). The CV method performs a potential sweep within a potential window

at different scan rates and records the associated currents. From the cyclic voltammograms,

the total capacitance of the electrode, both in integral Cint,T and differential Cdiff,T form,

can be calculated along with the b-value across this potential window. The SPECS method

consists of numerically fitting the total current response to a series of imposed potential

steps. Consequently, the respective contributions of EDL formation and Faradaic reactions

can be distinguished. Moreover, as presented in Chapter 5, for a porous electrode, eight

physical parameters can be determined from the fitting process. On the one hand, the

resistances R1 and R2 as well as the capacitances C1 and C2 are associated with EDL

formation. The total EDL resistance REDL and the total EDL capacitance CEDL can be

determined according to Equation 5.3, with REDL related to the electrical conductivity σP

of the intercalation electrode. On the other hand, the fitting parameters P1, P2, P3, and

P4 are associated with Faradaic reactions. As suggested in Appendix B, P1 and P2 are

qualitatively dependent on the reaction rate constant k0. Further investigations could be
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conducted to establish the exact quantitative relationships between these fitting parameters

and the properties of interest. The GITT method imposes a series of current pulses and

records the potential response. Here, the ion diffusion coefficient in the electrode D1,P

can be retrieved from the potential decay during each relaxation period. In addition, the

equilibrium potential difference ∆ψeq can be identified from the open-circuit voltage UOCV

at the end of each relaxation period. Overall, this entire procedure could be first established

numerically and then demonstrated experimentally with known pseudocapacitive electrodes

such as MnO2 and Nb2O5. In fact, the end goal would be to apply the developed strategies

in actual experiments for systematic retrieval of the required properties for any battery or

pseudocapacitive electrodes or devices.
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Supplementary Materials for Chapter 2

A.1 Structural characterization
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Figure A.1: Quantity adsorbed as a function of relative pressure p/p0 in low-temperature ni-

trogen adsorption porosimetry of Ti2Nb2O9 (a) microparticles or (b) nanoparticles. Pore size

distribution as a function of pore width in low-temperature nitrogen adsorption porosimetry

of Ti2Nb2O9 (c) microparticles or (d) nanoparticles.
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A.2 Operando isothermal calorimetry

A.2.1 Cell potential

Figure A.2 plots the temporal evolution of the potential V (t) of the calorimetric cells with

slurry-cast working electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanoparticles

and lithium metal counter electrodes for six consecutive galvanostatic cycles with potential

window between 1.0 and 3.0 V vs. Li/Li+ for each current I ranging from 2 to 8 mA. Here,

the five colored regions corresponded to the different current I from 2 to 4 to 6 to 8 and back

to 2 mA. The Ti2Nb2O9 active material mass loading of both cells was identical at 5.5 mg,

such that identical currents I would result in identical C-rates. The current I = 2, 4, 6, and 8

mA amounted to C-rate of 1.5C, 3C, 4.5C, and 6C, respectively. Furthermore, the potential

V (t) of both cells was nonlinear and asymmetric between charging and discharging. This

followed the typical potential profiles under galvanostatic cycling. In addition, the potential

V (t) was repeatable between every cycle for any given current I.
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Figure A.2: Temporal evolution of potential V (t) of calorimetric cells for six consecutive

galvanostatic cycles with potential window between 1.0 and 3.0 V vs. Li/Li+ for each

current I ranging from 2 to 8 mA with slurry-cast working electrodes made of Ti2Nb2O9 (a)

microparticles or (b) nanoparticles and lithium metal counter electrodes.
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A.2.2 Instantaneous heat generation rates

Figures A.3 and A.4 plot the instantaneous heat generation rates Q̇TNO(t) measured at the

working electrodes made of Ti2Nb2O9 microparticles or nanoparticles and Q̇Li(t) measured

at the lithium metal counter electrodes as functions of dimensionless time t/tcd during the

last three consecutive cycles at current (a) I = 2 mA, (b) I = 4 mA, (c) I = 6 mA, and (d)

I = 8 mA. Here, Q̇TNO(t) and Q̇Li(t) in both cells showed negligible differences at any given

current I. This indicates that heat generation had reached oscillatory steady-state after the

first three consecutive cycles.
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Figure A.3: Instantaneous heat generation rates Q̇TNO(t) measured at the working electrode

made of Ti2Nb2O9 microparticles and Q̇Li(t) measured at the lithium metal counter electrode

as functions of dimensionless time t/tcd during the last three consecutive cycles at current

(a) I = 2 mA, (b) I = 4 mA, (c) I = 6 mA, and (d) I = 8 mA.
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Figure A.4: Instantaneous heat generation rates Q̇TNO(t) measured at the working electrode

made of Ti2Nb2O9 nanoparticles and Q̇Li(t) measured at the lithium metal counter electrode

as functions of dimensionless time t/tcd during the last three consecutive cycles at current

(a) I = 2 mA, (b) I = 4 mA, (c) I = 6 mA, and (d) I = 8 mA.
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A.2.3 Total heat generation rate of the cell

Figure A.5 plots the open-circuit voltage UOCV (Cm, T ) and entropic potential

∂UOCV (Cm, T )/∂T of the coin cells with slurry-cast working electrodes made of Ti2Nb2O9

microparticles or nanoparticles as functions of specific capacity Cm during lithiation and

delithiation of the first cycle at C-rates of 1.5C and 6C. Here, the values of UOCV (Cm, T )

and ∂UOCV (Cm, T )/∂T measured at 1.5C were used as the values of Uavg(x, T ) and

∂Uavg(x, T )/∂T in Equations (1.6) and (1.7) for both I = 2 and 4 mA, while those measured

at 6C were used for both I = 6 and 8 mA. Note that the conversion between specific capacity

Cm and lithium composition x was performed such that the theoretical specific capacity of

252 mAh/g corresponded to 4 units of lithium ion insertion per unit of Ti2Nb2O9. Thus,

Figures A.6 to A.9 plot the measured total heat generation rate Q̇T (x, T ) in the calorimetric

cells with slurry-cast working electrodes made of Ti2Nb2O9 microparticles or nanoparticles

and lithium metal counter electrodes as a function of lithium composition x during lithiation

or delithiation for current I ranging from 2 to 8 mA. The figures also show the heat gener-

ation rates Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and

(1.7). Previously in cells with TiNb2O7 [59] or PNb9O25 [1] working electrodes and lithium

metal counter electrodes in 1 M LiPF6 in EC:DMC 1:1 v/v electrolyte, the measured heat

generation rate Q̇T (x, T ) agreed relatively well with that calculated as Q̇J(x, T )+Q̇rev(x, T ),

with the difference attributed to heat of mixing Q̇mix(x, T ) [1]. Here however, major dis-

crepancies were observed between the measurements of Q̇T (x, T ) and the calculations of

Q̇J(x, T ) + Q̇rev(x, T ) for nearly every current I in both cells. Moreover, for significant

portions of the lithiation or delithiation steps, the calculated Joule heating Q̇J(x, T ) was

negative.

Here, we hypothesize that the problem arose from limitations in the analysis. Specifically,

the analysis is formulated upon the following assumption: the Uavg(x, T ) and ∂Uavg(x, T )/∂T

in Equations (1.6) and (1.7) are equivalent to the UOCV (x, T ) and ∂UOCV (x, T )/∂T obtained

from potentiometric entropy measurements but for current pulses corresponding to the same

C-rate as that imposed during galvanostatic cycling in the operando isothermal calorimetry
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measurements of Q̇T (x, T ) [1]. However, this assumption could be invalid in some circum-

stances. For example, for the cell with Ti2Nb2O9 microparticles, a specific capacity of Cm

= 203 mAh/g was extracted during lithiation under potentiometric entropy measurements

with current pulses at 6C [Figure A.5(a)]. By contrast, during lithiation under galvanos-

tatic cycling at I = 8 mA (∼6C), the lithium composition varied from x = 1.8 to x = 2.2

corresponding to a specific capacity of Cm = 25 mAh/g only [Figure A.7(c)]. Meanwhile, a

specific capacity of Cm = 254 mAh/g with current pulses at 1.5C [Figure A.5(a)] did not

agree either with a specific capacity of Cm = 82 mAh/g from x = 1.6 to x = 2.9 obtained at I

= 2 mA (∼1.5C) [Figure A.6(a)]. Similar behavior was observed for the cell with Ti2Nb2O9

nanoparticles: Cm = 270 mAh/g at 6C [Figure A.5(c)] against Cm = 139 mAh/g from x =

1.5 to x = 3.7 at I = 8 mA (∼6C) [Figure A.9(c)], or Cm = 314 mAh/g at 1.5C [Figure

A.5(c)] against Cm = 189 mAh/g from x = 1.2 to x = 4.2 at I = 2 mA (∼1.5C) [Figure

A.8(a)]. These comparisons suggest that the actual Uavg(x, T ) and ∂Uavg(x, T )/∂T reached

under galvanostatic cycling did not equate to the UOCV (x, T ) and ∂UOCV (x, T )/∂T deter-

mined by potentiometric entropy measurements, otherwise the specific capacity Cm from the

two measurements at the same C-rate should be much closer. In fact, the discrepancy was

more significant at higher C-rates when the capacity retention was the worst. Most likely,

the long relaxation periods required in potentiometric entropy measurements mitigated some

dynamic processes occurring in the cell. For instance, the ion concentration gradients had

time to decay, the lattice displacements had time to recover, the intercalated lithium ions

had time to migrate towards more energetically favorable sites. It is interesting to note

that, while previous studies did achieve good agreement between the measured Q̇T (x, T )

and the calculated Q̇J(x, T ) + Q̇rev(x, T ) heat generation rates in cells with TiNb2O7 [59]

or PNb9O25 [1] working electrodes, the cells were only cycled at C-rates with good capacity

retention. Therefore, the specific capacity Cm from potentiometric entropy measurements

and galvanostatic cycling at the same C-rates were relatively close. As a result, in such cases

the Uavg(x, T ) and ∂Uavg(x, T )/∂T in Equations (1.6) and (1.7) could be substituted with

the measured UOCV (x, T ) and ∂UOCV (x, T )/∂T .
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Figure A.5: Open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T

of coin cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles as

functions of specific capacity Cm during lithiation and delithiation of the first cycle at C-

rates of 1.5C and 6C.
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Figure A.6: Measured total heat generation rate Q̇T (x, T ), along with heat generation rates

Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7), as

well as measured cell potential V (x, T ) and open-circuit voltage UOCV (x, T ) as functions

of lithium composition x during (a) lithiation, (b) delithiation at current I = 2 mA, (c)

lithiation, (d) delithiation at current I = 4 mA in calorimetric cell with working electrode

made of Ti2Nb2O9 microparticles and lithium metal counter electrode.
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Figure A.7: Measured total heat generation rate Q̇T (x, T ), along with heat generation rates

Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7), as

well as measured cell potential V (x, T ) and open-circuit voltage UOCV (x, T ) as functions

of lithium composition x during (a) lithiation, (b) delithiation at current I = 6 mA, (c)

lithiation, (d) delithiation at current I = 8 mA in calorimetric cell with working electrode

made of Ti2Nb2O9 microparticles and lithium metal counter electrode.
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Figure A.8: Measured total heat generation rate Q̇T (x, T ), along with heat generation rates

Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7), as

well as measured cell potential V (x, T ) and open-circuit voltage UOCV (x, T ) as functions

of lithium composition x during (a) lithiation, (b) delithiation at current I = 2 mA, (c)

lithiation, (d) delithiation at current I = 4 mA in calorimetric cell with working electrode

made of Ti2Nb2O9 nanoparticles and lithium metal counter electrode.
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Figure A.9: Measured total heat generation rate Q̇T (x, T ), along with heat generation rates

Q̇J(x, T ) and Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (1.6) and (1.7), as

well as measured cell potential V (x, T ) and open-circuit voltage UOCV (x, T ) as functions

of lithium composition x during (a) lithiation, (b) delithiation at current I = 6 mA, (c)

lithiation, (d) delithiation at current I = 8 mA in calorimetric cell with working electrode

made of Ti2Nb2O9 nanoparticles and lithium metal counter electrode.
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APPENDIX B

Supplementary Materials for Chapter 5

B.1 Governing equations

The local electric potential ψ(r, t) in the current collector and the electrode was governed

by the continuity equation combined with Ohm’s law to yield [210],

∇ · (σC∇ψ) = 0 and ∇ · (σP∇ψ) = 0 (B.1)

where σC and σP are the electrical conductivity of the current collector and the electrode,

respectively.

The generalized modified Poisson-Nernst-Planck (GMPNP) model predicted the time-

dependent local electric potential ψ(r, t) and ion concentrations ci(r, t) in binary and sym-

metric electrolytes accounting for finite ion size. The local electric potential ψ(r, t) was

governed by the Poisson equation expressed as [220],

∇ · (ϵ0ϵr∇ψ) =


0 in the Stern layer

−F
N∑
i=1

zici in the diffuse layer
(B.2)

where ϵ0 is the vacuum permittivity, ϵr is the relative permittivity of the electrolyte, F is

the Faraday constant, and zi is the valency of ion species i. The local concentration ci(r, t)

of ion species i in the diffuse layer was governed by the generalized modified Nernst-Planck

equation [221],

∂ci
∂t

= −∇ ·Ni in the diffuse layer (B.3)
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where Ni(r, t) is the local molar flux vector of species i expressed as [221],

Ni = −Di∇ci −
ziFDici
RuT

∇ψ − DiNAci

1−NA

N∑
i=1

a3i ci

N∑
i=1

a3i∇ci (B.4)

where Di is the diffusion coefficient of ion species i in the electrolyte, Ru is the universal

gas constant, T is the temperature, NA is the Avogadro number, and ai is the effective

ion diameter of species i. Here, the first, second, and third terms on the right hand side

of Equation (B.4) represent diffusion, electromigration, and steric repulsion, respectively

[196, 222]. This model accounts for finite ion size and is applicable to cases with large

electric potential and/or high electrolyte concentrations.

The local concentration of Li+ ions in the electrode, denoted by c1,P (r, t), was governed

by the 3D transient mass diffusion equation given by [210,223],

∂c1,P
∂t

= ∇ · (D1,P∇c1,P ) in the electrode (B.5)

where D1,P is the diffusion coefficient of Li+ ions in the electrode.

B.2 Initial and boundary conditions

To solve the governing Equations (B.2) to (B.4) for the spatiotemporal evolution of potential

ψ(r, t) and ion concentrations ci(r, t), one initial condition and two boundary conditions were

needed for each variable. Zero electric potential and uniform ion concentrations equal to the

bulk concentrations c∞ were used as initial conditions for solving the GMPNP model, i.e.,

ψ(r, 0) = 0 and ci(r, 0) = c∞. (B.6)

The boundary condition at the reference electrode, located at the device centerline rcl =

(x = LC + LP + L, y, z), was given by,

ψ(rcl, t) = 0 and ci(rcl, t) = c∞. (B.7)

The boundary conditions at the current collector/electrode interface varied for different sim-

ulations. Moreover, the electric potential and current density were both continuous across

153



the spherical electrode/electrolyte interface located at rE/E and the planar current collec-

tor/electrolyte interface located at rC/E so that,

ψ(r−k , t) = ψ(r+k , t),

−σP
∂ψ

∂n
(r−k , t) = −ϵ0ϵr

∂2ψ

∂n∂t
(r+k , t) with k = E/E or C/E.

(B.8)

The electric potential varied linearly across the Stern layer so that the normal electric field

at the planar and spherical Stern/diffuse layer interfaces located at rH satisfied [198,200],

∂ψ

∂n
(rH , t) =

ψ(rC/E)− ψ(rH)

H
for planar current collector surfaces, (B.9)

− ϵ0ϵr
∂ψ

∂n
(rH , t) = CSt

s

(
d

d+ 2H

)2

[ψ(rE/E, t)− ψ(rH , t)]

for spherical electrode surfaces.

(B.10)

Here, the Stern layer capacitance for a sphere of diameter d is given by the Helmholtz model

expressed as,

CSt
s =

ϵ0ϵr
H

(
1 +

2H

d

)
. (B.11)

These boundary conditions accounted for the presence of the Stern layer without explicitly

simulating it in the computational domain, thus significantly reducing the number of mesh

elements [198,200].

The normal molar flux vector of Li+ ions through the electrode/electrolyte interface was

related to the normal faradaic current density vector jF,n(rE/E, t) based on stoichiometry as,

N1,n(rE/E, t) = −D1,P
∂c1,P
∂n

(rE/E, t) =
jF,n(rE/E, t)

z1F
. (B.12)

Finally, the electrode was impermeable to ClO−
4 ions so that,

N2,n(rE/E, t) = 0. (B.13)
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B.3 Parametric studies

B.3.1 Influence of reaction rate constant k0
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Figure B.1: (a) Numerically simulated Faradaic footprint current density response jF (t)

[Equations (5.18) and (5.21)] to a potential step of ∆ψs = 0.04 V at ψs = 0.04 V during

charging for reaction rate constant k0 = 10−10, 10−9, and 10−8 m2.5 mol−0.5 s−1, along with

(b) surface-controlled jMF1(t) and (c) diffusion-controlled jMF2(t) Faradaic footprint current

densities [Equation (5.26)] predicted by the modified fitting function.
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Figure B.2: Fitting parameters of the modified SPECS model (a) |P1(ψs)|, (b) P2(ψs), (c)

|P3(ψs)|, and (d) P4(ψs) as functions of potential ψs during charging between ψs,min = 0 V

and ψs,max = 0.4 V with potential steps ∆ψs = 0.04 V for reaction rate constant k0 = 10−10,

10−9, and 10−8 m2.5 mol−0.5 s−1.

In order to investigate the influence of reaction rate constant k0 on the fitting parameters,

three cases were compared with k0 = 10−10, 10−9, and 10−8 m2.5 mol−0.5 s−1, respectively.
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First, Figure B.1(a) plots the numerically simulated Faradaic footprint current density re-

sponse jF (t) [Equations (5.18) and (5.21)] to a potential step of ∆ψs = 0.04 V at ψs = 0.04

V during charging for all three cases. For t < 0.01 s, jF (t) was dominated by contributions

from kinetics-controlled surface redox reactions. Therefore, as k0 increased, so did the rate

of interfacial charge transfer kinetics, resulting in faster surface redox reactions and a larger

jF (t). For t > 0.01 s, jF (t) was dominated by contributions from diffusion-controlled ion

intercalation/deintercalation in/out of the electrode spherical particles. Therefore, k0 had

no influence on jF (t), and the response curves of jF (t) for all three cases overlapped. In ad-

dition, Figures B.1(b) and B.1(c) plot the surface-controlled jMF1(t) and diffusion-controlled

jMF2(t) Faradaic footprint current densities [Equation (5.26)] predicted by the modified fitting

function. Here, jMF1(t) increased in both peak value and decaying rate with higher k0, while

jMF2(t) was independent of k0. Finally, Figure B.2 plots the four fitting parameters associated

with Faradaic reactions: (a) |P1(ψs)|, (b) P2(ψs), (c) |P3(ψs)|, and (d) P4(ψs). On the one

hand, |P1(ψs)| and P2(ψs), which modeled the surface-controlled Faradaic footprint current

density jMF1(t), increased with higher k0. On the other hand, |P3(ψs)| and P4(ψs), which

modeled the diffusion-controlled Faradaic footprint current density jMF2(t), were relatively

independent of k0.
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B.3.2 Influence of ion diffusion coefficient in the electrode D1,P
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Figure B.3: (a) Numerically simulated Faradaic footprint current density response jF (t)

[Equations (5.18) and (5.21)] to a potential step of ∆ψs = 0.04 V at ψs = 0.04 V during

charging for ion diffusion coefficient in the electrode D1,P = 10−14, 10−13, and 10−12 m2 s−1,

along with (b) surface-controlled jMF1(t) and (c) diffusion-controlled jMF2(t) Faradaic footprint

current densities [Equation (5.26)] predicted by the modified fitting function.
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Figure B.4: Fitting parameters of the modified SPECS model (a) |P1(ψs)|, (b) P2(ψs), (c)

|P3(ψs)|, and (d) P4(ψs) as functions of potential ψs during charging between ψs,min = 0 V

and ψs,max = 0.4 V with potential steps ∆ψs = 0.04 V for ion diffusion coefficient in the

electrode D1,P = 10−14, 10−13, and 10−12 m2 s−1.

In order to investigate the influence of ion diffusion coefficient in the electrode D1,P on the

fitting parameters, three cases were compared with D1,P = 10−14, 10−13, and 10−12 m2 s−1,
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respectively. First, Figure B.3(a) plots the numerically simulated Faradaic footprint current

density response jF (t) [Equations (5.18) and (5.21)] to a potential step of ∆ψs = 0.04 V at

ψs = 0.04 V during charging for all three cases. For t < 0.01 s, jF (t) was dominated by con-

tributions from kinetics-controlled surface redox reactions. Therefore, D1,P had no influence

on jF (t), and the response curves of jF (t) for all three cases overlapped. For t > 0.01 s, jF (t)

was dominated by contributions from diffusion-controlled ion intercalation/deintercalation

in/out of the electrode spherical particles. Therefore, as D1,P increased, so did the rate of

solid state ion diffusion, resulting in a larger jF (t). In addition, Figures B.3(b) and B.3(c)

plot the surface-controlled jMF1(t) and diffusion-controlled jMF2(t) Faradaic footprint current

densities [Equation (5.26)] predicted by the modified fitting function. Here, jMF1(t) was in-

dependent of D1,P , while j
M
F2(t) increased in both peak value and decaying rate with larger

D1,P . Finally, Figure B.4 plots the four fitting parameters associated with Faradaic reac-

tions: (a) |P1(ψs)|, (b) P2(ψs), (c) |P3(ψs)|, and (d) P4(ψs). On the one hand, |P1(ψs)| and

P2(ψs), which modeled the surface-controlled Faradaic footprint current density jMF1(t), were

relatively independent of D1,P . On the other hand, |P3(ψs)| and P4(ψs), which modeled the

diffusion-controlled Faradaic footprint current density jMF2(t), increased with larger D1,P .
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B.3.3 Influence of electrode particle layer number N
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Figure B.5: Fitting parameters of the modified SPECS model (a) R1(ψs), (b) C1(ψs), (c)

R2(ψs), and (d) C2(ψs) as functions of potential ψs during charging between ψs,min = 0 V

and ψs,max = 0.4 V with potential steps ∆ψs = 0.04 V for electrode particle layer number

N = 2.5, 3.5, and 4.5.
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