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Resumo

Num mundo com avanços tecnológicos cada vez maiores, a dependência em energia

elétrica é cada vez mais fundamental para a sociedade, criando, naturalmente, a neces-

sidade de dispositivos para armazenar essa energia. A bateria de ião de lítio ( LIB) foi

rapidamente adotada como a principal opção de armazenamento de energia, devido à

sua elevada potência, capacidade e densidade energética. O uso de LIBs começou a

ser questionado com a disponibilidade limitada de lítio na crosta da Terra, despertando

a procura por alternativas viáveis e com maior disponibilidade. Investigação extensiva

concluiu a bateria de ião sódio ( SIB) como um ótimo substituto, dadas as semelhanças

com as de lítio em termos de composição, o que facilitaria a transição entre tecnologias.

O desempenho eletroquímico das SIBs também é bastante notável, com um grande de-

safio no maior raio iónico do sódio, que reduz significativamente a densidade energética

possível numa única célula. No entanto, investigação nesta alternativa merece atenção

para aplicações estacionárias, onde o tamanho da bateria não será tão restritivo.

O estudo sobre a degradação e o envelhecimento das baterias é vital para compreender

melhor como a sua vida útil pode ser prolongada aomáximo possível. Embora este tópico

já esteja muito desenvolvido no que diz respeito às LIBs, no que toca às SIBs, sendo uma

alternativa mais recente, ainda carecem de literatura sobre o seu envelhecimento.

Este trabalho tem como objetivo analisar o envelhecimento cíclico de 28 SIBs comerciais

de formato 18650 e os seus mecanismos de degradação, a fim de melhorar o conhe-

cimento sobre esta tecnologia. Estas células foram submetidas a vários protocolos de

carga/descarga diferentes.

Esta análise foi feita com o estudo da evolução de várias métricas eletroquímicas ao

longo dos ciclos, tais como capacidade de armazenamento de energia, corrente elétrica,

tensão, eficiência coulômbica e capacidade diferencial. Também será realizada uma

espectroscopia de impedância eletroquímica post mortem nestas baterias, para fornecer

uma melhor compreensão das suas alterações internas. Uma caracterização inicial das

baterias com a ajuda da capacidade diferencial concluiu que elas são compostas por um

cátodo de análogo do azul da prússia (Na2−xFeFe(CN)6) à base de ferro e um ânodo de

hard carbon.

Neste trabalho, vários protocolos foram desenvolvidos, de modo a serem avaliados vá-

rios fatores pela sua comparação: taxa de corrente elétrica, janela de estado de carga (
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SoC), perfis em pulso e carregamento a tensão constante. Foi estabelecida uma relação

entre um maior crescimento da solid electrolyte interface ( SEI) e uma taxa de corrente

elétrica mais elevada, sendo o protocolo de taxa 1C considerado o melhor em termos

de degradação da bateria. Os protocolos de janelas SoC mostraram valores elevados

de impedância interna e revelaram-se bastante destrutivos para os elétrodos, uma vez

que as condições limitadas impediram-nos de completar totalmente a suas transições de

fase adequadamente. Os perfis em pulso revelaram-se conservadores, proporcionando

tempos de carga mais rápidos, mas com retenção de capacidade semelhante ao pro-

tocolo com melhores resultados. Quanto à etapa de tensão constante, verificou-se que

conduzia a uma degradação total dos materiais dos elétrodos, uma vez que a inserção/-

remoção total dos iões de sódio criou tensões mecânicas e deformações adicionais na

sua estrutura.

Palavras-chave: baterias de ião sódio, bateris de ião lítio, envelhecimento cíclico, mecan-

ismos de degradação, análogos do azul da prússia, hard carbon, estado de carga, taxa

de corrente, carga em pulsos
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Abstract

In a world with more technological advancements each passing day, reliance on elec-

trical energy is fundamental to society, naturally creating the need for devices to store

electrical energy. The lithium-ion battery ( LIB) was quickly adopted as the leading en-

ergy storage option, for its high power, capacity and energy density. LIBs usage started

raising issues with a limited lithium availability in the Earth’s crust, sparking desire to find

viable alternatives with more availability. Research indicates the sodium-ion battery ( SIB)

as a great replacement, given the similarities with their lithium counterparts in composi-

tion, the transition between technologies would be facilitated. The performance of SIBs

is quite remarkable as well, with a major challenge being the bigger ionic size of sodium,

as it greatly reduces the energy density possible in a single cell, yet their research still

warrants attention for stationary applications, where size isn’t a big constraint.

Research into battery degradation and aging is vital to better understand how the lifetime

can be prolonged as much as possible. While this topic is already very developed when

it comes to LIBs, their sodium counterparts, being a somewhat more recently looked into

alternative, still lack in literature about aging. This study aims to analyse the cyclic ag-

ing of 28 commercial 18650 format SIBs and their degradation mechanisms in order to

improve the knowledge into this technology. These cells were submitted to several dif-

ferent charge/discharge profiles to evaluate their impact on degradation. This evaluation

was done with the study of the evolution of several electrochemical metrics through the

cycles, such as capacity, electrical current, voltage, coulombic efficiency ( CE) and dif-

ferential capacity. Post-mortem electrochemical impedance spectroscopy ( EIS) will also

be performed on these batteries, to provide better insight into their inner changes. An

initial characterization of the batteries with the help of differential capacity concluded they

are composed of an iron-based prussian blue analogue cathode (Na2−xFeFe(CN)6) and

a hard carbon anode.

This work developed several protocols meant to draw comparisons between them and

evaluate the impact of certain factors: current C-rate, state of charge ( SoC) window,

pulse profiles and constant voltage charging. A relation between bigger solid electrolyte

interface ( SEI) growth and higher C-rate was drawn, as the 1C C-rate protocol was found

to be the best in terms of battery degradation. The SoC windows protocols showed high

values of internal impedance and revealed to be quite destructive on the electrodes, as the

limited conditions impeded their phase transitions to properly complete. The pulse profiles
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proved to be conservative, providing faster charge times yet similar capacity retention to

the best resulting protocol. As for the constant voltage step, it proved to lead to a total

degradation of the electrode materials, as the much more complete insertion/removal of

sodium ions created additional stress and strain in their structure.

Keywords: sodium-ion batteries, lithium-ion batteries, cyclic aging, degradation mecha-

nisms, prussian blue analogues, hard carbon, state of charge, C-rate, pulse charging



FCUP | FEUP vi

Evaluation of the charge/dicharge profiles on SIBs ageing

Table of Contents

List of Figures.......................................................................................................................viii

List of Tables........................................................................................................................ix

List of Abbreviations.............................................................................................................x

1. Introduction....................................................................................................................1

1.1. Background............................................................................................................1

1.2. Objectives and Overview.......................................................................................2

1.3. Thesis Outline ........................................................................................................3

2. Background and State of the Art ...................................................................................4

2.1. Fundamentals of Rechargeable Ion Batteries.......................................................4

2.2. Ageing in Ion Batteries...........................................................................................7

2.3. Degradation Mechanisms......................................................................................9

2.4. Testing Protocols in the Literature.........................................................................11

2.5. Protocols and Expected results .............................................................................14

2.6. Current State of SIB Cyclic Aging Studies ............................................................17

3. Experimental Methods...................................................................................................20

3.1. Materials and Equipment.......................................................................................20

3.2. Experimental Protocols..........................................................................................22

3.2.1. C-Rate Variation.......................................................................................22

3.2.2. SoC Window Control................................................................................23

3.2.3. Pulse Profiles ...........................................................................................23

3.2.4. CC-CV and Asymmetrical profiles ...........................................................24

4. Results and Discussion.................................................................................................26

4.1. Battery Materials Characterization ........................................................................26

4.2. C-Rate Protocols ...................................................................................................30

4.3. SoC Window Protocols ..........................................................................................32

4.4. Pulse Profile Protocols...........................................................................................35

4.5. CC-CV and Asymmettrical Protocols ....................................................................36

4.6. Post-Mortem Analysis............................................................................................39

4.6.1. Group 1 - C-Rate Variation ......................................................................40

4.6.2. Group 2 - SoC Windows ..........................................................................41

4.6.3. Group 3 - Pulse Profiles...........................................................................42

4.6.4. Group 4 - CC-CV and Asymmetrical protocols........................................42

4.7. Limitations of the study..........................................................................................43



FCUP | FEUP vii

Evaluation of the charge/dicharge profiles on SIBs ageing

5. Conclusions and Future Work.......................................................................................44

5.1. Main Findings.........................................................................................................44

5.2. Future Perspectives...............................................................................................45

Bibliography .........................................................................................................................45



FCUP | FEUP viii

Evaluation of the charge/dicharge profiles on SIBs ageing

List of Figures

2.1. From [10]: Illustration of the composition and working of a sodium-ion battery ..........5

2.2. From [28]: Illustration of SEI growth and general decrease of capacity in a SIB.........10

2.3. From [39]: Schematic of EIS nyquist plot of a multicomponent system with a respec-

tive equivalent circuit above ..........................................................................................13

2.4. From [49]: Examples of the pulse charging profiles described above .........................16

3.1. Photo of one of the cylindrical batteries used in this study...........................................20

3.2. Two Landt CT3002K battery tester systems, stacked on top of eachother..................21

3.3. Arbin Laboratory Battery Tester LBT21084 ..................................................................21

3.4.Gamry Interface 1010E .................................................................................................22

4.1. Equivalent circuits used for EIS fitting, with Randles circuit (A), alternate Randles

circuit (B), custom circuit (C) and alternate custom circuit (C) .....................................26

4.2.Nyquist plot of the equivalent circuit with the average values from all the uncycled

batteries.........................................................................................................................28

4.3. Left: From [62], cyclic voltammetry curve of the PB-HC battery ; Right: dQ/dV plots

from the first 10 cycles of the 1CR-2 cell ......................................................................29

4.4. From [63]: Schematic representation of the phase transitions accompanying sodium

insertion/removal (represented in yellow) .....................................................................29

4.5.Comparison of capacity retention among protocols with varying C-rate (on top charg-

ing capacity, on bottom discharging capacity) ..............................................................31

4.6.Differential capacity plots for batteries CR/5-1 (top-left), 3CR-2 (top-right) and 1CR-2

(bottom) .........................................................................................................................32

4.7.Comparison of capacity retention among protocols with varying pulse profiles (on top

charge, on bottom discharge capacity) .........................................................................33

4.8.Differential capacity plots for batteries 1CR-1 (top-left), SClim-1 (top-right), SCup-2

(bottom-left), SCdown-2 (bottom-right) .........................................................................34

4.9.Comparison of capacity retention among pulse profile protocols (on top charge, on

bottom discharge capacity) ...........................................................................................36

4.10.Comparison of capacity retention among CC-CV protocols (on top charge, on bottom

discharge capacity) .......................................................................................................37

4.11.Comparison of capacity retention among asymmetrical protocols (on top charge, on

bottom discharge capacity) ...........................................................................................38

4.12.Differential capacity plots for batteries DS-1 (top-left), FastDC-2 (top-right), StepDC-2

(bottom-left), FCC/2-2 (bottom-right) ............................................................................39

4.13.Equivalent circuit fitted in general to all post-mortem EIS ............................................40

4.14.Comparison between Nyquist plots for the Group 1 batteries (square plot with equal

axis on the left, more zoomed in on the right)...............................................................41

4.15.Comparison between Nyquist plots for the Group 2 batteries (square plot with equal

axis on the left, more zoomed in on the right)...............................................................41

4.16.Comparison between Nyquist plots for the Group 3 batteries (square plot with equal

axis on the left, more zoomed in on the right)...............................................................42

4.17.Comparison between Nyquist plots for the Group 4 batteries (square plot with equal

axis on the left, more zoomed in on the right)...............................................................43



FCUP | FEUP ix

Evaluation of the charge/dicharge profiles on SIBs ageing

List of Tables

3.1. Batteries tested under C-rate variation protocols .........................................................22

3.2. Batteries tested under SoC window variation protocols ...............................................23

3.3. Batteries tested under different pulse profile protocols ................................................24

3.4. Batteries tested under different CC-CV and asymmetrical protocols ...........................25

4.1. Average values of each of the equivalent circuit’s elements........................................27

4.2. Average potential values of the charging peaks and the discharging dips (1st repre-

sents the most intense peak/dip) ..................................................................................29



FCUP | FEUP x

Evaluation of the charge/dicharge profiles on SIBs ageing

List of Abbreviations

CC constant current. 14

CE coulombic efficiency. iv, 8

CPE constant phase element. 12

EIS electrochemical impedance spectroscopy. iv, 9

HC hard carbon. 5

JT Jahn-Teller. 10

LAM loss of active material. 2

LIB lithium-ion battery. ii, iv, 1

LSI loss of sodium inventory. 2

NMR Na-solid state nuclear magnetic resonance. 17

OCV open circuit voltage. 23

PBA prussian blue analogue. 6

PCC pulse charge charge. 15

PCD pulse charge discharge. 15

PCR pulse charge rest. 15

PMR P-solid state nuclear magnetic resonance. 17

SEI solid electrolyte interface. iii, iv, 2

SEM scanning electron microscopy. 14

SIB sodium-ion battery. ii, iv, 1

SoC state of charge. iii, iv, 2

SoH state of health. 7

XRD X-ray diffraction. 14



FCUP | FEUP 1

Evaluation of the charge/dicharge profiles on SIBs ageing

1. Introduction

1.1. Background

So much of our modern world and technology is dependent on electricity, yet most of its

production is centred around fossil fuels, such as coal, natural gas and oil [1]. These

resources are a major topic of contention given their polluting nature, threatening the de-

terioration of our environment, and given they are finite, raising questions of their viability

in the extremely long term. As a way of preventing these less than desirable effects, the

development and exploration of renewable and environmentally sustainable energy pro-

duction, through methods like solar and wind, has garnered worldwide attention. These

technologies, however, are somewhat unreliable and lack consistency due to their de-

pendence on external factors, such as the weather, which leads to periods of over and

underproduction. Therefore, large scale energy storage devices are a promising solution

[2]. Even in the smaller scale, these technologies are extremely useful and important for

devices now considered essential such as mobile phones and personal computers [3].

In the last few decades, the type of batteries that have garnered more attention and devel-

opment have been the lithium-ion battery (LIB), due to their long service life and excellent

energy storage and density [4]. Lithium, however, comes with its problems, namely in its

cost and extraction. It’s not overly abundant in the Earth’s crust, therefore most of the Li

reserves currently being explored are concentrated in a few countries, and other meth-

ods of extraction like with ocean water are very costly and complicated to implement [5].

Furthermore, Lithium is a very reactive element and thus cannot be paired with com-

mon metals like Copper or Aluminium in its electrodes, usually opting for elements like

Cobalt. This raises further problems, as the biggest Cobalt reserve in the world is found

in the Democratic Republic of Congo and is surrounded by several ethical and human

rights controversies [6]. In order to avoid these problems, in search of better sustainabil-

ity and cheaper options, alternatives to LIBs are widely researched. A very promising and

recently explored technology are the sodium-ion battery (SIB), which were discovered

around the same time as LIBs but were outclassed early by discoveries and breakthroughs

in the latter.

In the recent decade, more and more cathode and anode materials are being developed

for SIBs, leading to great promise and progress as reliable batteries. There are also
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advantages in the similarities the two elements share, as the already implemented pro-

cesses and techniques for creating both types of batteries are similar, allowing for a good

transition between the technologies [7]. Sodium-ion batteries avoid some of the problems

raised by their Lithium counterparts, as it is a much more abundant element in the Earth’s

crust and is not reactive to common metals such as Iron, Copper, Aluminium and Man-

ganese, offering much cheaper and easier to obtain electrode materials [8]. Even further,

SIBs present lower thermal runway risk and dendrite growth in its cells, given the gener-

ally better stability of sodium. Even with its advantages and advancements in research,

there are still flaws to be noted in these batteries. One example is the lower energy den-

sity when compared to LIBs, indicating less favourability to smaller, more portable uses.

A major point of contention that warrants study and research is the battery service life.

Especially from a consumer point of view, an electronic device isn’t considered of much

quality if its battery is in frequent need of repairment or replacement. Even from a sustain-

able point of view, having to frequently fabricate new batteries and dispose of old ones is

just creating more waste and general pollution. With intensive use, certain side reactions

occur within a cell and lead to a fade in capacity leading the battery to hold less charge

and thus being discharged faster with each use. This is what is referred to as aging, and

it is divided into two types: calendar aging and cycle aging. The former deals with the

degradation suffered with the battery being stored without any use, losing capacity over

time. The latter, which is the focus of this project, is about the capacity fade resulting from

the use and charge/discharge cycling of the cell. This study is focused on exploring the

degradation mechanisms that lead to this aging, and to better understand what triggers

them and which factors have any effect on their development. From an overall literature

review, the most common mechanisms seem to be excessive or irregular solid elec-

trolyte interface (SEI) formation, loss of active material (LAM) through electrode cracking

and destruction, loss of sodium inventory (LSI) through parasitic side reactions such as

sodium plating, phase transition in the electrodes and reduced ion mobility.

1.2. Objectives and Overview

The aim of this work is to test several 18650 commercial SIBs in several cycling protocols

with varying current rate, voltage limits, state of charge (SoC) window, pulse charges

and other varying elements, to study the effect these factors have on the aging of this

technology. The evolution of the battery parameters will be analysed to fully understand

the electrochemical and physical mechanisms that lead to the degradation of the cells.

Key weaknesses of sodium-ion batteries will be highlighted, for any possible future study.
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Furthermore, there are the added objectives of better formulating protocols that can avoid

and protect the battery against certain forms of degradation, as well as forming better

knowledge on what factors cause more aggressive degradation on SIBs.

1.3. Thesis Outline

This thesis is organized in 5 chapters. Chapter 1, Introduction, is to present the subject

that will be studied, as well as providing the motivation and objective of this work. Chapter

2, Background and State of the Art, dives into the ion battery technology that we will be

working with, it’s current state in research, and their biggest problems and challenges.

Chapter 3, Experimental Methods, will present the materials and devices this work will be

utilizing as well as provide an outline for the experimental protocols performed. Chapter

4, Results and Discussion, presents the resulting data, plots and curves from the exper-

imental procedures, providing an initial characterization of our studied batteries and an

analysis on how each protocol affected the overall aging. Chapter 5, Conclusions and

Future work, will summarize the findings of this work and expand on what could be im-

proved or used for future research related to the topic.
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2. Background and State of the Art

2.1. Fundamentals of Rechargeable Ion Batteries

Batteries are electrochemical energy storage devices, storing and releasing energy through

electrochemical reactions. These reactions take place in a cell, composed of two elec-

trodes, one positive (cathode) and one negative (anode), and an electrolyte. The batter-

ies tackled in this study are rechargeable ion batteries, sometimes referred to as rocking

chair batteries, where specific ions are intercalated within the electrodes in a reversible

process. The positive electrode is composed of a material containing the main ion com-

ponent, generally presenting crystal structures with vacancies where these ions can be

inserted and stored. The preferred cathode materials can withstand this insertion and

subsequent removal of ions in a way that does not compromise the overall structure and

stability of the component. These factors are key features for the anodes as well, who

also suffer the insertion/removal of ions. The main electrochemical process in a battery

are the redox reactions activated in the electrodes to maintain balance with the move-

ment of the ions, thus providing a flow of both ions and electrons. Given the reversibility

in this process, the electrodes themselves are either positive or negative depending on if

it is a charge or a discharge, but for convenience and simplicity, conventionally the cath-

ode is the one where reduction occurs in the discharge, whereas the anode is where the

oxidation occurs.

During the energy discharge, there is a spontaneous flow of electrons from the negative

electrode to the positive electrode, through an external circuit, seeking equilibrium in the

chemical potentials of both. In this process, the ions present in the negative electrode

migrate through the electrolyte and insert themselves in the positive electrode (illustrated

in Figure 2.1). This setup leads to the possible reversibility of the reactions, reversing this

very process when during charging, as the ions can move from one electrode to the other

through the cycles. The electrolyte is usually a liquid or gel that connects both electrodes,

thus it must have low electron conductivity to prevent short-circuits, and serves as the

conduit to allow ions to move between the electrodes in the cycling process. Besides

these components, these batteries also include current collectors, to form a connection

between the electrodes and the external circuit, and a separator, to further safeguard the

separation between the electrodes and avoid short circuits. [9]
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Figure 2.1: From [10]: Illustration of the composition and working of a sodium-ion

battery

The most common and researched type of ion battery is the lithium-ion battery (LIB).

Lithium is the third element of the periodic table and possesses a very low standard reduc-

tion potential, leading to batteries that can store more energy per volume unit. It presents

a relatively small atomic radius, and subsequently a small ionic radius, an important el-

ement when dealing with the insertion and removal of these ions in the solid materials

composing the electrodes, as it ensures a softer structural accommodation. Although

LIBs are the most sought after, they are accompanied by a major challenge in their main

component, as lithium raises concerns over long-term resource availability, costs, and

the ability of supply chains keeping pace with rapidly growing global demand [11]. This

has led to the search for other, more sustainable battery solutions that could rival LIBs, at

least in some metrics and uses.

Sodium-ion batteries have been reported since the 80’s, where a cell with hard carbon

(HC) anode and polyethylene oxide cathode was assembled, in an attempt to create bat-

teries analogous to their lithium counterparts [12], and studies on this technology continue

well into the 90’s [13]. At this time, LIBs were still under study, but as they evolved at a

much faster pace and were much more promising in overall performance, researchers

diverted focus on lithium cells and their materials. More interest started shifting towards

SIBs once again with the search for more sustainable materials to possibly replace lithium.

A neighbour to lithium in the Periodic table, sodium shares some characteristics with it,

such as an electrochemical potential only 330 mV above lithium’s and the same ionic be-

haviour, both tending to release an electron and become monovalent cations [14]. Thus,
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these types of batteries function in remarkably similar ways, helping both the research

and manufacturing transitions between the two, with sodium offering key differences in

affordability and availability. Sodium is much more common in the Earth’s crust, and it

has the advantage of being less reactive, allowing for the use of some cheaper materials

such as aluminium and iron in the internal battery components and reducing some safety

concerns based on lithium reactivity.

Electrode materials and their crystal structures are often similar between the two tech-

nologies, and decide key characteristics in these batteries. Each electrode has a spe-

cific capacity, dictating the amount of electric charge they can hold per mass unit, and

their composition offer different redox activation potentials, establishing the working volt-

age window for the full cell. In cathodes, compounds with transition metals that provide

oxidation and reduction reactions are the most promising as they enable the insertion

and removal of the ions. To fully accommodate the ions without compromising stability,

the cathode’s structure is of great importance, with both LIBs and SIBs having types of

structures in common for these components, namely layered oxides and prussian blue

analogues. The former is composed of several layers of a rock salt structure, wherein

the ions intercalate in the vacancies formed in octahedral spaces between these layers,

and has a composition generally defined as AMO2, where A represents the alkali metal

that will supply the ions, M is the chosen transition metal and O is oxygen. Given their

2D layered structure, some stability issues are present when the lattice tries to accom-

modate the ions, as it may result in permanent changes to the alignment of the layers.

These issues are more prevalent in sodium, given its bigger size, and as a result lay-

ered oxides for SIBs have some different compositions when compared to LIBs, opting

for iron and manganese based cathodes over the more common cobalt in lithium cells

[11]. prussian blue analogue (PBA) are 3D cubic or rhombohedral structures with vacan-

cies within their lattices, and as the ions are inserted their balanced structure can better

accommodate and adapt to reach a stable phase. They have a general composition de-

fined as AM1[M2(CN)6]H2O, where A represents the alkali metal, M1 and M2 represent

two transition metals, C is carbon, N is nitrogen and H2O is interstitial water. These cath-

odes are quite promising for SIBs as their adaptive structures are ideal for bigger ions, as

depending on their composition they may shift from cubic to tetragonal or rhombohedral

during the charge/discharge cycle. In the case of SIBs, they are once again mainly com-

posed of iron and/or manganese [15]. Another cathode type, sharing the advantages of

PBA’s 3D structure, are polyanionic compounds, defined by the composition AM(XO4),
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where A is the alkali metal, M a transition metal and XO4 a polyatomic anion, usually with

phosphorus or sulfur accompanying the oxygen. These structures are often highly stable,

allow good reversible ion insertion/removal and offer high potentials, yet often offer lower

capacity and conductivity than their counter parts [16].

As for the anodes, the most common materials are carbon based compounds. Metallic

alloys of the main ionic component are options that promise higher specific capacity, but

are generally overlooked as they present severe volume change issues and, in the case

of SIBs, safety concerns over the development of dendrites. For LIBs, the main carbon

compound used is graphite, as it offers great electronic conductivity, stable structure and

a general low cost. This has seen widespread use as the most common LIB anode, and

so naturally it has been tested in SIBs, but with little to no success. The bigger ionic ra-

dius cannot insert properly in the graphite structure, leading to extremely low capacity in

sodium-ion cells. As an alternative, hard carbon anodes have proven to be much more

apt for SIBs, with a larger interlayer spacing ideal to accommodate sodium ions [17].

These anodes also exhibit great solid electrolyte interface formation, a solid interfacial

layer formed with the first few charge/discharge cycles, between the anode and the elec-

trolyte, that, when well formed, provides protection for both these components, prevents

electron flow through the electrolyte and improves the stability of the battery. It is formed

through side reactions that consume ions and result in losing some working capacity [18].

Currently, SIBs present a lower energy density than LIBs, but due to their low material

cost they have a better cost per kilowatt-hour (kWh), suitable for stationary energy stor-

age cases where size and weight are much less restrained (such as electrical grid uses)

[19]. The biggest concern about SIBs compared to LIBs are related to the bigger atomic

and ionic radius in sodium (1.02Å as opposed to 0.76 Å for lithium [10]), this leads to the

lower energy density and aggravates the cell’s structural degradation, as a result of the

recurring intercalation and removal of ions in the electrodes.

2.2. Ageing in Ion Batteries

Battery degradation or aging is a very important subject when discussing these technolo-

gies, as a device that cannot last for extended periods of time, or that cannot be used

extensively, is of no general use, especially when considering sustainability concerns.

Studies on batteries’ general aging and state of health (SoH), with focus to understand-

ing degradation and its specific mechanisms, have become increasingly more popular in
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recent years as new battery applications like electric vehicles and electrical grids have

gathered more attention [20].

There are two types of aging, calendar aging and cyclic aging. The former refers to the

degradation occurring within stored batteries that do not forego any electrical use and

thus degrade on their own through time. As for cyclic aging, the focus of this work, refers

to the degradation incited by the active use in charge and discharge cycles of the device.

This type of aging leaves more room for experimentation and variability, as any change

in the cycling profile may or may not affect the final degradation.

Many studies have been led trying to find ways to extend the overall life cycle of energy

storage devices, be it through new electrode or electrolyte materials, different storage or

working conditions. With time, degradation on a cell is identified with the loss of energy

storage capacity (C or Q) and the rise of internal resistances [21]. The first is a metric that

can be calculated through integrating the electrical current (i(t)) running through the battery

over a certain period of time (T ), usually a full charge or discharge 2.1. The number of

cycles a battery may maintain a good useful capacity for is very dependent on the battery

itself, the components and manufacturer. Many studies rely on a state of health metric,

based on the percentage of current available/working capacity in relation to the total, initial

capacity.

C =
1

3600

∫
T

i(t)dt (2.1)

Another metric used is the coulombic efficiency (CE), an efficiency calculated for a single

full cycle comparing the cell’s capacity when charging and when discharging2.2. An ideal

battery should keep the same capacity in both steps, and most of the time the efficiency

should be in the high 90% in a decent battery, but with certain degradation mechanisms

this balance may be affected, having either the charge or discharge steps hold more

capacity than the other. Sudden changes in this efficiency might signify side reactions,

loss of ion inventory, ion trapping, or significant damage to one of the electrodes. [22]

CE(%) =
Cdischarge

Ccharge
∗ 100 (2.2)

The differential capacity (or incremental capacity) curve is a metric calculated through

the derivative of the capacity in regard to the battery’s voltage, as dQ/dV. This curve
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is represented in a single, whole charge/discharge cycle, as a function of voltage, and

presents several peaks, where each of them correspond to the main redox reactions or

phase transitions happening within the battery. Comparing these curves in several cycles,

as these peaks wane, change intensity, location and overall shape, they signal specific

degradation mechanisms taking place internally through the cycling process [23]. As they

correspond to these phase shifts and redox reactions, this curve is useful to evaluate the

degradation on the electrodes, both positive and negative, showing their overall change

in performance with aging.

Several other metrics change with the cell’s aging, such as the time it takes to reach the

voltage limits (Voltage vs. Time), as a shorter time to reach higher potentials under the

same current may indicate severe resistance raise, and changes in the curve’s shape

indicate a shift in the inner reactions of the battery.

Analysing the electrical current in both charge and discharge over time (Current vs. Time)

provides a way to properly evaluate, through the cycles, if the designated cycling profile

is being fully accomplished, as some degradation or damage may lead to certain steps

being shortened or even skipped.

As for resistances, the internal impedance of a battery can be determined with a widely

used test called electrochemical impedance spectroscopy (EIS), and plotting these impedances

and resistances can highlight the specific components in the cells that suffered the most

damage and explain the changes in the battery’s behaviour observed in other curves.

These metrics, tests and techniques help build the full image of the electrochemical, ki-

netic and physical phenomena that occur with the recuring cyclic aging, leading studies

on their degradation mechanisms. Understanding these mechanisms is the key to better

understand the inner workings of this technology and further optimize the full lifetime [24].

2.3. Degradation Mechanisms

As for the specific mechanisms that may occur within the battery, it is important to un-

derstand in what ways can each component of the cell contribute to the overall aging.

The increase in internal impedance and resistance may be a result of side reactions al-

tering the path of the electrons and ions within the structure. Some of these reactions

are beneficial to the inner workings of the battery, such as the solid electrolyte interface,

which, when correctly formed, provides fast transport for the ions and is a good electronic

insulator to prevent further electrolyte degradation [25]. But, when the SEI is malformed,
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uneven or too thick, this may lead to a detrimental impact on the stability of the system,

as it might result in the partial dissolution of the layer causing self-discharge and eventual

damage to the battery. The malformation may also be a sign of trapped solvated ions,

which may form metallic clusters that greatly impede the ion mobility and increase the

overall charge transfer resistance [26]. There are further reports of metallic plating form-

ing within the structure, with the process illustrated in Figure 2.2, usually when cycling

at lower temperatures, resulting in loss of ion inventory, decreased capacity and higher

resistance [27].

Figure 2.2: From [28]: Illustration of SEI growth and general decrease of capacity in a

SIB

In the electrodes, the continuous insertion and removal of ions within its solid structure,

especially in the case for SIBs with the bigger ionic radius for sodium, causes severe

volume change, such is the case reported in [29], presenting 22% volume change in the

cathode, leading to instability in the crystal lattice. This may in turn lead to loss of elec-

trochemically active material, structural cracking, resulting in poor electrical contact with

the rest of the cell, causing difficulty in the ionic insertion/removal and in their respective

mobility between components, driving up the internal impedance [30].

The structure of the electrodes influences which mechanisms are more common, thus

it is important to consider the materials at work in degradation studies. With the use of

transition metals in the cathodes, the Jahn-Teller (JT) effect is considerably common. It

is a phenomenon that takes place in non-linear molecular systems in electronic degen-

eracy, meaning there is an uneven distribution of electrons within the orbitals. Seeking

balance by removing these degeneracies, there is a subsequent loss of symmetry, struc-

tural distortion and decrease of total energy, affecting the inner working of the battery
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and degrading its performance [31]. In layered oxides, surface decomposition is com-

monly observed, as parasitic reactions with the electrolyte often result in dissolution and

deposition of the transition metals in their interface which cause loss of capacity. Internal

cracking and random surface crystal reconstruction may also occur, leading to impedance

and resistance raise [32]. As for PBAs, surface degradation leads to the interstitial water

seeping into the electrolyte, greatly affecting ionic conductivity, and, in cases of organic

carbonate electrolytes, reactions may result in CO2 and gassing issues within the cell,

causing volume expansion and potential safety risks. These cathodes also exhibit col-

lapse of their crystal structure under cyclic aging, resulting in transition metal dissolution

[33]. Structural damage might also result in full phase transitions in the electrodes, and

as their composition changes it results in less pronounced redox reactions in the active

materials, causing a lower total capacity of the cell [34]. For cathodes like PBAs, where

the insertion and removal mechanisms are accompanied by reversible phase transitions,

the structural stress and volume change they provide may cause certain transitions to be

irreversible, leading to a collapse of the cell’s inner chemistry.

In the anodes, most degradation is related to the formation of the SEI layer, as if it is mal-

formed it may damage the electrode surface, damaging the lattice structure. In the case

of hard carbon, the vacancies in it’s crystal structure may lead to ion trapping, decreasing

the overall working capacity of the battery and, once releasing these trapped ions, the

excessive thickening of the SEI [35].

2.4. Testing Protocols in the Literature

To fully grasp which of these mechanisms occur in each device, several electrochemical

tests and characterization techniques are usually put to use in their research. They may

vary from standard tests while cycling (in operando), to evaluate the SoH or the working

capacity of the cell at that moment, to after the battery is considered “dead” and won’t

have any further use (post mortem), to evaluate the full destruction and aging that took

place. The latter also has a distinction between tests that cause irreparable damage to the

cell, that are invasive and require physically opening it, referred as destructive procedures

[36].

Among the first kind are the curves obtained from the standard units and measurements

taken while cycling, although the available data may depend on what equipment is being

used. The simplest of metrics is the evolution of capacity in each cycle. This may give

great inner detail about what happened inside the cell and at around which cycle, which
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is a great metric to have as auxiliary to the others. Any sudden tendencies of huge drops,

spikes or several cycles stable at a certain value all indicate severe change or damage

in the battery’s chemistry and composition [37]. Although useful, it is a limited represen-

tation of degradation, as it can’t fully demonstrate which specific mechanism or damage

have taken place. For a more specific analysis, other curves are observed, such as the

aforementioned voltage and current through time curves.

As for postmortem tests, a widely utilized measure is the previously mentioned EIS. It is

based on how an electrochemical system, when subjected to an input signal, will produce

an output signal. Thus, by feeding our system (a battery in this case) certain sinusoidal sig-

nals, with either alternating current (galvanostatic) or alternating voltage (potentiostatic),

and ranging in the signals’ frequency from higher values (104Hz) to lower (10−2Hz), sev-

eral responsive output signals can be read. Be it, for example, that the input potentio-

static signal is known, measuring the output alternating current signal allows the internal

impedance to be extracted by relating both signals [38].

Z(ω) = Z
′
+ jZ

′
(2.3)

The resulting values for impedance (Z) are represented as complex numbers, with a real

and an imaginary component. These components are represented in a curve with the

imaginary part in the vertical axis and the real part in the horizontal one, this is called a

Nyquist plot. These graphics present expected tendencies, usually either straight lines or

semi circles, and theymay represent resistive or reactive components (or both). Analysing

the whole curve and the respective components leads to the development of an equiv-

alent circuit, as in a circuit that would simulate the impedance of the battery as closely

as possible. These circuits are composed of resistive elements (R), capacitive elements

(C) and constant phase element (CPE). While these elements do not directly correlate

to a specific physical component in the device, they are meant to represent certain be-

haviours, thus monitoring their evolution within an aged cell can provide useful insight into

the internal degradation [39]. Figure 3 illustrates a Nyquist plot similar to what would be

expected of a battery, and the respective equivalent circuit above it.
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Figure 2.3: From [39]: Schematic of EIS nyquist plot of a multicomponent system with a

respective equivalent circuit above

When comparing the initial Nyquist curve with subsequent ones, be it impedance values

taken at certain intervals of cycles or just the final postmortem EIS, further knowledge is

gained of the inner shifts and changes in the device. Each section of a Nyquist plot corre-

sponds to different sectors within the battery, starting, from highest to lowest frequency,

with the Electrolyte impedance (usually a small straight line, bellow 0 for the imaginary

impedance), the SEI and general interface impedance (a semi-circle, includes most of the

points in the curve) and the impedance within the electrodes (a rising slope, referred as

a Warburg tail, correspondent to ion diffusion). [40]

Considering the supposed Nyquist curve of a battery, and the initial curve of the cell at

hand, analysing from where the raise or shift in impedance has originated is a case of

comparing the differences between the non-degraded and the degraded EIS. As an ex-

ample, in the study presented in [41], the impedances of two batteries were compared,

one with an aged electrode and another with an intact electrode. The aged electrode

is clearly recognisable by the much larger impedance values and the overexaggerated

semicircle.

Destructive measures, as the name indicates, destroy the batteries’ structure and make it

ultimately unusable, in order to better analyse the inner components. As these cells tend

to be composed of volatile and reactive materials, especially with certain elements present

in the atmosphere like oxygen, these destructive tests are performed in glove boxes, under

controlled, inert atmospheres composed usually of argon or other inert gases. Given the

nature of these techniques, to have any reference point of an uncycled battery to compare
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to the final results, a different cell from the same manufacturer must be used. scanning

electron microscopy (SEM) is a technique that uses a focused beam of electrodes to scan

a materials surface, and may be used to observe the topology and constitution of the

electrode materials, evidencing certain changes, cracks or even dissolutions of certain

materials [42]. Another usual technique used is X-ray diffraction (XRD), consisting of

bouncing X.rays onto a material sample and registering the diffracted (or scattered) rays.

It presents very specific peak patterns for the respective elements present in the studied

sample, so it has an added use as a characterisation technique to discover or confirm the

composition of the electrodes. As the peaks represent specific patterns, this can be used

to confirm any alterations in the structure or composition of the battery component under

study, by observing the differences between a cycled and an uncycled cell [43].

2.5. Protocols and Expected results

In many instances, batteries won’t be used with perfectly controlled cycling conditions.

Variables such as temperature, surge currents, early/late stopping conditions to charg-

ing or discharging, many uses of energy storage have less then constant conditions, and

because of this, it is important to properly study how a device reacts under different situa-

tions. When applied to the study of cyclic aging of batteries, this is evaluated by applying

varying charging and discharging protocols, and repeating them for several cycles to ob-

serve the degradation mechanisms that take place in their specific conditions.

One simple change that can be done to the charge/discharge protocols is changing the

working electrical current. Usually measured in C-rates, a measurement of current rela-

tive to the working battery’s full capacity, where a 1C C-rate signifies the electrical current

needed to fully charge or discharge the cell in 1 hour time. There are the simpler protocols

which simply change the values as constant current (CC) for both charge and discharge

at the same value, and others that aim for different values at each step [44]. These studies

aim to find a correlation between the cycling current and the degradation, where theoreti-

cally the battery aging should accelerate with the more aggressive, higher currents. This

may be explained with general malformation of the SEI layer and further cracking of it and

other components such as the electrodes. This is even boosted by the higher internal tem-

peratures from cycling at higher currents, leading into possible formation of compressed

gases within the cell than end up pressuring and damaging the components. This in turn

leads to a bigger loss of both primary (ion inventory) and secondary (electrode) materials,
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and a higher internal impedance, causing more deterioration in the cell [45]. Another fac-

tor that attracts many studies is the state of charge of the battery. The SoC describes the

current state of the battery in terms of remaining capacity, indicating a fully charged cell

as having 100% SoC. In many cases these metrics are controlled by limiting the working

voltage in the cycles, and have the adverse effect of limiting the total working capacity of

the cell. These protocols enable the specific study of degradation mechanisms that take

place or are promoted by either high or low potential and SoC, as well as the effects of

not using the device’s full available capacity. As a result, studies have looked into the

possible optimization of SoC use, by evaluating the degradation tendencies of very spe-

cific SoC values, such as in [46] using intervals of 10% of SoC, although the study ends

up overlooking the specific mechanisms that take place. Other studies focus on the use

of a bigger portion of the battery’s capacity by using wider ranges of SoC, thus observing

and fully studying the degradation mechanisms present within those ranges in scenarios

where a bigger, more extensive cycle occurs. In [47], several intervals were tested with

multiple batteries, and it was discovered that the more extreme ones (on the lower/higher

ends of the SoC percentage) were significantly more degraded than their more central

counterparts. This might be explained by how in the more extreme values of SoC there

is an uneven distribution of the total ion inventory, which might cause some strain on the

electrodes.

An interesting perspective to analyse in the cycling conditions is the overall signal shape,

usually used as a simple constant current signal, but in many real world instances the

current flowing through the battery won’t be so constant. This leads to studies observ-

ing degradation in protocols like a stepped charge/discharge [48], where several timed

CC steps are sequenced in a descending or ascending order of current rate. Another

highly studied signal shape is the pulsed charge or discharge, where the signal rapidly

varies between two “modes” in a wave like periodic manner. These varying “modes” can

realistically be anything, with the most common types of pulses being the pulse charge

rest (PCR), where each period of the signal correspond to a CC charge and a rest time,

a pulse charge charge (PCC), where the rest step is traded for another CC charge with

a different value, and pulse charge discharge (PCD), where the variation is between a

higher current CC charge and a lower current CC discharge (illustrated in Figure 4) [49].

It is suggested that these types of protocols can shorten the overall charging time, by

lowering the total ion concentration in charge transfer, and reduce risk of overheating the
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battery, as they are less straining than the constant electrical current powering the stan-

dard CC cycles. It is also found that it reduces the internal polarization voltage with a

smoother intercalation of the ions into the electrodes, which in turn leads to less strain

on these components [50]. With the more complex signal shape come more variables to

set, such as the active frequency, the pulse duty cycle and amplitude, and when not finely

tuned these might lead to promoting certain habits of overcharging and overvoltage in the

battery, hurting the overall performance and durability [51].

Figure 2.4: From [49]: Examples of the pulse charging profiles described above

These protocols are meant to test for ways to protect the battery and extend the cycle life,

but there are also destructive protocols meant to push the limits on the cell’s degradation.

One example of these destructive profiles is the overcharge, where the battery is charged

way above the supposed safety voltage limit, further observing the mechanisms that ac-

tivate at high potentials. This is very important for safety concerns, to understand how

the battery would react to unforeseen or unexpected conditions in the real world. These

protocols usually lead to a higher working capacity in the first few cycles, which quickly

fades into full degradation with very few cycles. In fact, the higher the overcharge poten-

tial the quicker the capacity fades, as the cathode is usually stripped of all ions and active

materials (other lithium or sodium atoms present in the electrode) beyond the reversible

limit. This causes electrolyte degradation and, on the anode side, some plating as the

anode reaches its insertion limits, thus forcing extra ions to accumulate and plate. These
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mechanisms increase the internal resistances and, in turn, the internal temperature of the

cell when cycling [52].

Another destructive protocol is in increasing the current C-rate beyond the safety limits. In

this case, the ultra-high current should lead to a faster aging, as new degradation mech-

anisms are provoked by the faster cycles. LAM suddenly becomes much more signifi-

cant in the battery’s degradation, as the steep C-rates lead to excessive and aggressive

charge/discharge. In turn, this lowers the total capacity of the electrodes and leads to

internal plating, translating into raising resistance and impedance in the cell [53].

2.6. Current State of SIB Cyclic Aging Studies

As previously stated, the possibilities and potential of SIBs have been documented for a

few decades, but intensive study on this technology only gathered more attention in recent

years. Even further, as these batteries often have lower benchmark metrics when com-

pared to LIBs, most studies have focused on finding better and more efficient materials

and components to improve their performance. This lead to a lack of articles on general

SIB aging and degradation mechanisms, when compared to its lithium counterparts, and

even the few degradation studies available are often performed on half-cells, being much

harder to find cases of full-cell studies. One such case is the study [54], conducted in

2022, reported as the first of its kind, that analyses both the calendar and cyclic aging

of commercial 18650-format SIB full cells, focusing on the observed degradation mecha-

nisms. They have a hard carbon (HC) anode with a polyanionic Na3V2(PO4)2F3 (NVPF)

cathode, manufactured as part of the authors work, building 36 units at their disposal. On

the calendar aging side, 12 cells were used, kept at different temperatures (5ºC, 25ºC

or 45ºC) and at different states of charge (30%, 50% or 100%), and as for the batteries

under cyclic aging, 12 were used and distributed in a protocol matrix varying the working

temperature (25ºC or 45ºC) and the charge/discharge C-rate (0.2C, 1C or 2C). For each

test, two cells were used to ensure reproducibility and trust in the acquired data. To eval-

uate the performance of the devices, check-up tests were periodically employed, more

complete in the first and last instances to further characterize the behaviour of the cells,

measuring energy and capacity retention with varying C-rate and discharge resistance at

several SoC and temperatures. At the end of life, the batteries were dismantled, and their

components were subjected to several characterization techniques, such as XRD and

Na-solid state nuclear magnetic resonance (NMR) and P-solid state nuclear magnetic

resonance (PMR).
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For the calendar aged cells, they were separated in two groups: 6 cells stored at 100%

SoC at different temperatures and 6 cells stored at 25ºC at different SoC levels, in order

to properly test the effect of both metrics individually, and both were stored for around a

year. In both cases, the analysed metrics were the capacity loss and internal resistance

throughout the storage time, and the end of life discharge capacity. In regard to the

temperature, it seems to affect the aging due to a relatively lower electrolyte stability with

higher temperature, and as for the SoC, at 100% the resistance increases due to higher

electrolyte degradation and contact with fully charged electrodes. A similar analysis was

applied to the cyclic aged cells, but instead of the storage time the capacity loss curve

was used in regard to the number of cycles. Once again, higher temperatures yielded

more capacity loss, and lower C-rates seemed to show the same trend, suspected as an

effect of faster electrolyte degradation promoted by more time spent at higher SoC values.

These results are further corroborated and interpreted with the help of the post-mortem

characterizations. XRD detected some structural modifications, as the positive electrode

showedmultiple phases different from the initial material and general inhomogeneity, most

likely caused by the internal temperature gradient formed on the cycled batteries. The

change in composition and phase are more likely due to a general loss of Na ion inventory,

most of it in the first few cycles due to SEI formation.

In the end, the study provided proof of how the storage and cycling conditions affected

the aging of the cells, and how the degradation mechanisms could be identified, providing

a good framework of how these degradation studies can be conducted. This was further

developed in future studies that tackled similar issues, such as [55]. This article presents

a bigger focus on the initial battery categorization, but tests the cyclic and calendar aging

of some cells, finding once again the SEI formation to be a common source of capac-

ity fade in SIBs. It also demonstrates the expected evolution of the EIS curve in cyclic

aged batteries, how the ohmic resistance increases over the cycles and a second semi-

circle appears, with general change in the charge transfer and diffusion regions of the

graph indicating change in the electrolyte ion transfer and possible damage to either the

electrodes or their interfaces. Most studies determine these interfaces as a large cause

of impedance raise and ion inventory consumption, be it through SEI formation or even

lithium plating in other cases [56]. This plating eventually leads to more sodium reactions

within the electrolyte, compromising the standard functioning of the cell and causing a

possible safety hazard.

As for possible damage in the electrodes, it may be related to cracking, which also has
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consequences on the electrode-electrolyte interface, thus raising internal impedance, as

this is reported in many cathode materials [57]. This seems to be more common in SIBs

over their lithium counterparts in large part due to the bigger atom/ion radius, as their

insertion and removal cause much more structural damage, also leading to possible dis-

solution of active material. This difference in size also affects the ion diffusion within the

electrodes, usually in the HC anodes, causing the cathode to experience high local poten-

tials due to diffusional polarization and leading to loss of activematerial. In the degradation

study [58], upon closer inspection of the cycled cells, in a polyanionic cathode, several

microscopic sodium-oxygen spheres were forming, causing the general loss of sodium

inventory and capacity as well. Taking into account literature for LIBs, along with the lim-

ited literature for SIBs, the most common and dominant degradation mechanism should

be general loss of ion inventory, mostly due to side reactions like SEI formation and metal

plating. This is mostly applied to standard cycling protocols, as for protocols that are more

aggressive on the electrodes may lead to LAM and electrode cracking and volume gain

to become more dominant in the overall aging. General studies of the effects of different

cycling conditions (other than C-rate and temperature) are lacking in the current research

landscape, therefore our current understanding of their degradation under more realistic

uses is still relatively small. Thus, it is critical to better study and analyse these mecha-

nisms and how different they are under different conditions, to guarantee that SIBs are

real alternative to LIBs in real, practical uses.
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3. Experimental Methods

3.1. Materials and Equipment

A total of 29 commercial grade 18650 cylindrical format sodium-ion cells manufactured

by Shenzhen Zhonghuajia Tecnology Co, Ltd were provided for this study. The compo-

sition of their components is unknown. Its nominal capacity is 1.5 Ah, with a nominal

voltage of 3.1 V. The potential working limits are defined between 1.5 V up to 4.1 V,

the working temperature ranges are from -10ºC to 45ºC and -30ºC to 60ºC for charge

and discharge, respectively. For the C-rate limits, at standard room temperature around

20ºC-25ºC, which is the temperature this study will be working under, the maximum cur-

rent for a CC charge is 1C and for a CC discharge it’s 3C. The batteries have a mass of

37 g, an internal resistance under 20 mΩ, and an energy density of 128 Wh/Kg.

Figure 3.1: Photo of one of the cylindrical batteries used in this study

To perform the charge and discharge cycling, two Landt CT3002K battery tester units

were used, each connected to their respective controlling computers and each with 8

channels. These channels were connected to plastic battery holders with gold connectors,

most for 18650 format but some for 21700 format, all of which were assembled in the lab.

The protocols were developed in the Landt battery tester software, named and identified,

and the resulting data from the cycles was routinely extracted and exported in the form

of CSV files with as much data about the process as possible. These were organized

in columns with all the possible data the device would provide, but the most important

measurements were the charge/discharge capacity, voltage, electrical current, coulombic

efficiency, differential capacity and test time.

To further ensure completely equal starting conditions for all cells and provide a better,

more fair comparison of their cycle lives in the future, before every protocol 2 standardized

break-in cycles were performed. These cycles consist of a CC-CV charge, where a C-

rate current of 0.5C is applied until the unit reaches the upper cutoff voltage and is then
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followed by a CV step where it is maintained at that voltage until the provided current

reaches the cutoff limit of 0.05C, or until the maximum safety capacity is reached. The

same process is applied to the discharge, thus guaranteeing every battery begins their

protocol from a fully discharged state.

Figure 3.2: Two Landt CT3002K battery tester systems, stacked on top of eachother

For further characterization and insight into the battery degradation, we perform two EIS

tests, one before and one after cycling, in order to compare both and analyse any source

of impedance change. An Arbin Laboratory Battery Tester LBT21084, coupled with a

Gammry Interface 1010E, were used to perform them, with the Arbin software used to

export the data as CSV files. A battery was used to test the parameters for the EIS proce-

dure to be set, as we tested multiple frequency ranges, voltage values (if potentiostatic)

and current values (if galvanostatic). The better results were identified for a voltage range

between 10 mHz up to 50 kHz, in galvanostatic mode, with an AC current of C/200 (about

7.5 mA) RMS.

All the extracted CSV files were analysed and handled with python, using the packages

pandas and impedeance, and the curves and graphs represented with matplotlib.pyplot.

Figure 3.3: Arbin Laboratory Battery Tester LBT21084
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Figure 3.4: Gamry Interface 1010E

3.2. Experimental Protocols

In a laboratory setting, the batteries were identified as BF-N, with N being the battery

number in order they were used, but for better reading purposes they were renamed to

codes relating to their specific cycling profiles in this work. Each protocol was tested with

at least 2 cells, to ensure reproducibility, and somewere applied on up to 4 cells. For better

organization, all protocols were split into four groups, with respect to their similarities.

3.2.1 C-Rate Variation

The first group is identified by the code CR, for C-rate, and an accompanying number

representing the C-rate current and maintaining within each profile an identifier -N for

each different cell used (for example, 1CR-1 for a cell tested at 1C C-rate, CR/5-1 for a

cell tested at 1/5 C-rate). These profiles consist of simple constant current charge and

discharge at a set C-rate, within the full limits of voltage. As such, the effects of a faster

or slower cycle is put to the test, as well as the consequences of having a faster, more

aggressive charge removal/insertion in the electrodes. They were based on the protocols

used in [54], with an added protocol at 3C to further test a more extreme case.

Table 3.1: Batteries tested under C-rate variation protocols

Protocol Label CC Charge CV Charge
CC

Discharge

CV

discharge

Standard cycle at 0.2C
CR/5-1

0.2C

No

0.2C

No

CR/5-2

Standard cycle at 1C

1CR-1

1C 1C1CR-2

1CR-3

Standard cycle at 2C
2CR-1

2C 2C
2CR-2

Standard cycle at 3C
3CR-1

3C 3C
3CR-2



FCUP | FEUP 23

Evaluation of the charge/dicharge profiles on SIBs ageing

3.2.2 SoC Window Control

The second group consists of protocols testing the effects of the working SoC in the profile,

consisting of profiles charged and discharged at a constant C-rate, but with varying voltage

limits, to control the cell’s SoC. The specific values are set by analysing the open circuit

voltage (OCV) vs SoC curve provided in the battery datasheet, and for these cases the

important values are: 0% → 1.5 V ; 20% → 2.6 V ; 80% → 3.8 V ; 100% → 4.1 V. These

profiles were loosely based on the cyclic conditions of both [59] and [60], but slightly

tweaked to better accommodate time constraints and our number of available batteries.

Thus, 3 different ranges were defined, one to test the effects of high SoC (20% - 100%,

SCup), one to test low SoC (0% - 80%, SCdown) and one that avoided both (20% - 80%,

SClim). This way it can be identifiable the effects of the higher and lower SoC values,

as well as testing a more conservative and protective protocol that avoids both. As a

standard cycle reference, the protocol 1CR was used, this way a fair comparison could

be drawn by keeping these protocols cycling at 1C current C-rate.

Table 3.2: Batteries tested under SoC window variation protocols

Protocol Label CC Charge
CC

Discharge

Voltage

Range

SoC

Variation

(%)

Standard cycle at 1C

1CR-1

1C 1C

1.5V - 4.1V 100%1CR-2

1CR-3

Limited SoC 20%-80%
SClim-1

2.6V - 3.8V 60%
SClim-2

Limited SoC 20%-100%
SCup-1

2.6V - 4.1V 80%
SCup-2

Limited SoC 0%-80%
SCdown-1

1.5V - 3.8V 80%
SCdown-2

3.2.3 Pulse Profiles

The third group consists of batteries cycled under pulse profiles. Largely based on the

profiles exemplified in [49] for pulse charge-rest (PCR) and pulse charge-charge (PCC).

Pulse charge-discharge was attempted, but unfortunately due to the way the Landt battery

tester counts cycles the data was impossible to properly comprehend and analyse, thus

this protocol was dropped. As for the other two, once again to use 1CR as a standard

cycle reference, both were kept with an average current of 1C C-rate, meaning the pulse

charge-rest had a charge stage of 2C to average the rest stage of 0C, and the pulse

charge-charge had alternating currents between 1.5C and 0.5C. In both cases the total
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duration of one pulse is a minute, equally divided by the two steps it consists of. These are

more conservative protocols and are meant to test if changing from the typical constant

current cycle will provide significant change in aging.

Table 3.3: Batteries tested under different pulse profile protocols

Protocol Label CC Charge
CC

Discharge

Pulse

Duration

Standard cycle at 1C

1CR-1

1C 1C Constant1CR-2

1CR-3

Pulse Charge-Rest
PCR-1

2C/0C 2C/0C

1min. / 1min.
PCR-2

Pulse Charge-Charge
PCC-1

1.5C/0.5C 1.5C/0.5C
PCC-2

3.2.4 CC-CV and Asymmetrical profiles

The final group is slightly more miscellaneous, as the common element is the use of a

constant voltage (CV) step after charging, and in some cases after discharging as well.

The simpler ones consist of simple CC-CV charge/discharge cycles, one at 0.5C and the

other at 1C, largely based on the cycles used in [61], to better understand the effects of

fully charging and discharging the battery, and if this extra step would contribute to any

degradation mechanism in any way. The others only have the CV step present in charg-

ing, mimicking the standard protocol set in the data sheet, performed in this batch, and

adapted to a fast charge, a fast discharge and a stepped discharge protocol. These last

three weren’t as much based on available literature, but more so on imitating some more

real life uses, such as fast charging a device, a device that requires intensive discharge

or a more every day device being used in certain intervals, instead of being discharged

constantly. As such these cases will give insight into how the batteries may age under

non ideal conditions.
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Table 3.4: Batteries tested under different CC-CV and asymmetrical protocols

Protocol Label CC Charge CV Charge CC

Discharge

CV

discharge

Standard cycle at 1C

1CR-1

1C

No

1C

No1CR-2

1CR-3

Full cycle at 1C
FC1C-1

Yes - cutoff

at 0.05C

Yes - cutoff

at 0.05C

FC1C-2

Full cycle at 0.5C
FCC/2-1

0.5C

0.5C
FCC/2-2

Datasheet protocol
DS-1

1C

No

DS-2

Fast discharge
FastDC-1

3C
FastDC-2

Stepped discharge
StepDC-1 1C steps of

0.4VStepDC-2
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4. Results and Discussion

4.1. Battery Materials Characterization

To better understand the effects the aging protocols will have on the batteries, an initial

characterization of our cells was developed. This consists mostly of the EIS Nyquist plots

before they were cycled and its respective equivalent circuit, along with an analysis of

the differential capacity curve of the batteries to compare to literature and discover the

electrode materials we will be working with.

As for the internal impedances, there is a common equivalent circuit used to describe

energy storage devices, the Randles circuits. It consists of a real resistance, R0, in series

with the parallel combination of a double layer capacitor, C1, with a resistor and a faradaic

impedance element (Zw), R1 and W1, respectively. To ensure a good fit on our results

was obtained, 3 other variations of this circuit were tested. One variation was an alternate

Randles circuit, but instead of a simple capacitor it had a constant phase element (CPE).

The other two were variations of these Randles circuits, but with the faradaic impedance

element outside of the parallel circuit. They are illustrated in figure 4.1.

Figure 4.1: Equivalent circuits used for EIS fitting, with Randles circuit (A), alternate

Randles circuit (B), custom circuit (C) and alternate custom circuit (C)

Out of all the circuits fitted, the initial Nyquist curves of the uncycled batteries better cor-

responded to the behaviour of the alternate custom circuit (D in figure 4.1). In this circuit,
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we have an initial resistance, R0, representing interfacial layer such as the SEI, a semi-

circle dictated by the parallel resistor R1 and the constant phase element CPE1, as the

impedance for internal ion movement and conductivity, and at the end a defined Warburg

tail, corresponding to ion diffusion within the electrodes, with a faradaic impedance ele-

ment W1. The purpose of separating W1 from the parallel portion of the circuit is to have

the ion conductivity semicircle and the Warburg tail portions of the Nyquist plots be more

independent in order to better fit the data. It should be noted that the data used for these

fits did not include the batteries 1CR-1, 1CR-4, FCC/2-1, FCC/2-2, FastC-1, FastDC-1

and FastDC-2, as these batteries were cycled before the final EIS protocol was defined.

Using the python package impedance, we can plot our data, develop our determined

circuits, make an initial guess for their elements, fit them to our data and determine the

values of the fitted circuit. This initial guess was loosely based on the observable values

observed at a Nyquist plot for the batteries. After obtaining the EIS data for all uncycled

batteries, the values of each element of the fitted circuit were saved to a file, and then the

mean value for each of them was calculated, obtaining the following table:

Elements Values Values

R0 (2.26 ± 0.15)× 10−2 Ω -

R1 (1.07 ± 0.07)× 10−1 Ω -

CPE1 (3.86 ± 0.13)× 10−1 Ω−1sa (7.74 ± 0.05)× 10−1

W1 (7.95 ± 0.88)× 10−2 Ω (217.63 ± 15.66)s

Table 4.1: Average values of each of the equivalent circuit’s elements

Applying these mean values to the circuit, and forming a prediction with our range of

frequencies used, the average Nyquist curve of these batteries can be traced:
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Figure 4.2: Nyquist plot of the equivalent circuit with the average values from all the

uncycled batteries

This initial characterization of the battery’s impedance will be important for analysing the

final EIS data of the aged cells. In order to further this battery’s characterization, and to

identify the so far unknown electrode materials, a study on incremental capacity is pro-

posed. As the peaks in this curve equate to the several redox reactions happening within

the cathode and anode while charging and discharging the device, specific materials will

have different peak patterns, as these reactions occur at specific electrochemical poten-

tials. Thus, with an analysis of previous literature on sodium-ion batteries, we can com-

pare at which voltage levels these reactions occur in our material and determine which

material better fits our values. This is extremely important for the analysis of the degrada-

tion mechanisms, as these vary in many ways with the inner composition of the battery.

As many of the defined protocols change the way the batteries are cycled, either with

different current profiles or different voltage limits, to better ensure that the observed val-

ues were correct this characterization was limited to more conservative protocols: 1CR,

CR/5, FC1C, FCC/2 and DS. All the batteries cycled in these protocols were used to ob-

tain these values. Using the scipy.signal package in python, we were able to sort the

peaks in differential capacity and their respective potentials, saving the relevant ones to

a file. Much like the case for the EIS, the average of the values in the file was calculated,

obtaining the following values:
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1st Charging Peak 2nd Charging Peak 1st Discharging Dip 2nd Discharging Dip

3.05V 3.50V 2.72V 3.25V

Table 4.2: Average potential values of the charging peaks and the discharging dips (1st

represents the most intense peak/dip)

Searching through literature on SIBs, an electrode material combination is identified in the

study [62]. In this study, a sodium-ion cell is developed with an iron based prussian blue

cathode (Na2−xFeFe(CN)6) and a commercial hard carbon anode. This research included

cyclic voltammetry curves which have the same general shape as the differential capacity

curves, as their peaks and dips also correspond to the redox reactions in the battery. As

we can observe in figure 4.3, the positions of the peaks and dips are very similar, and the

voltage values positions are identical.

Figure 4.3: Left: From [62], cyclic voltammetry curve of the PB-HC battery ; Right:

dQ/dV plots from the first 10 cycles of the 1CR-2 cell

The first charging peak, with the highest intensity, is a result of the reduction reaction of

high spin Fe2+ connected with N atoms, with the smaller peaks being caused by smaller

spin Fe2+ connected to C atoms. With complex structures like prussian blue, the insertion

and removal of sodium ions often cause phase changes of the whole crystal structure. In

our case, studies found that iron based PBs Have two main structure modes: rhombohe-

dral and cubic. [63]

Figure 4.4: From [63]: Schematic representation of the phase transitions accompanying

sodium insertion/removal (represented in yellow)
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The rhombohedral structure is better suited to accommodate for a larger amount of Na

ions, thus it is the phase of the fully charged cathode. The Na-rich, Na-poor and Na-

free cubic structures change in parameter and volume, but the overall lattice organization

is maintained. The shift from rhombohedral to cubic should be associated with the first

charge peak and discharge peak, as they correspond to the high spin iron reactions.

High spin Fe2+ has a radius around 22% larger and 52% bigger volume, thus their redox

reactions lead to higher vacancies and variation within the cathode, causing a phase

shift [64]. As for the anode, hard carbon is a very common material used in SIBs, so

the interactions with sodium ions is already a subject under study. It is composed of

several disordered graphene-like layered structures with spacious interlayer distances

and defects, ideal to store Na ions. These ions are also stored in micro and nanopores

present within and in the surface of HC particles. The dips observed in the differential

capacity curve are related to the battery discharge and to the ion removal through redox

reactions in the anode. The dip present at higher potential is related to the defects and

interlayer spaces, as these present a stronger bind to Na, while the 1st, higher intensity

dip relates to the nanopore bound ions. [35]

4.2. C-Rate Protocols

The first step to properly analyse the aging and degradation of these cells is to observe

the overall capacity tendency. This will indicate to us if the protocol was more conser-

vative or destructive, if it led to sudden spikes or losses in capacity and how they fared

against relative cycling profiles. Much like the case in the experimental methods protocol

section, we will divide this analysis in 4 groups, to better understand how each specific

factor in a protocol may affect the cell aging. The first group has protocols relating to the

charge/discharge C-rate, in simple constant current cycles within the full working voltage

of the battery. As we can see, the overall better performance seems to be from the 1CR

protocol, cycled at 1C C-rate, maintaining most of the cells’ capacity through the cycles at

above 80%, for cells 2 and 3, and around 70% for cell 1. The other profiles follow simple

downward, linear trends, with the 3CR protocol having one battery with a sudden drop

at around 170 cycles, the only in this group to drop below 50% capacity retention. The

batteries cycled at 2CR also seem to lose more capacity when compared to the 1CR pro-

tocol, ending their cycling around 50%-60%, with the CR/5 protocol obtaining remarkably

similar results to 1CR. These two seem to be the better protocols for the battery’s health,

but with the added caveat that cycles under the CR/5 protocol last 5 times longer than the

1CR protocol.
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Figure 4.5: Comparison of capacity retention among protocols with varying C-rate (on

top charging capacity, on bottom discharging capacity)

The sudden, single point drops present in the CR/5 cells are from a sudden error in the

battery tester, forcing the cycling to stop, which we later resumed once the problem was

solved.

As for the analysis of the electrode degradation, using the differential capacity curves at

several key cycles in each protocol, we can see an immediate effect on the peak posi-

tion. The peaks seem to shift towards higher potentials with higher C-rate, as is to be

expected with how the batteries tend to reach these higher potentials at faster speeds.

The overall peak amplitude is also affected by this, as the lower C-rates see a stronger

peak intensity at every cycle. This, in part, is caused by the longer cycle duration, lead-

ing to near full completion of the reduction reactions respective to the peaks, and aligns

with the observable lower capacity in the higher C-rate cells when compared to the CR/5

protocol[65].
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Figure 4.6: Differential capacity plots for batteries CR/5-1 (top-left), 3CR-2 (top-right)

and 1CR-2 (bottom)

With the cyclic aging in each battery, we observe the peak intensity diminishing and the

peak position shift slightly to the right with the increasing cycles. This peak intensity fade

effect is greater in the cathode than in the anode, as the charging peaks change consid-

erably more than the discharge dips, leading to the conclusion that most degradation is

within the cathode. The dimming of the discharge dips is mostly due to the formation of

the SEI layer, as both the intensity fade and the layer growth should be more prominent

in the 2CR protocol.

4.3. SoC Window Protocols

In the second group, the factor in focus was the SoC range used in the charge/discharge

cycles, done by limiting the working voltage used in these protocols. As a result, only

a portion of the total battery capacity was used in these cases, with 80% for SCup and

SCdown and 60% for SClim. Even taking this into account, the SoC limiting protocols have

very clear drops in capacity retention beyond their limits. The worst case for this seems to

happen under the SCup profile, as both cells completely lose all working capacity before

reaching 100 cycles. SCdown has a similar drop in cell 1, but at a much later cycle (225),

while the other cell seems to follow a very identical aging trend as 1CR-1, but with lower

overall capacity, given the circumstances of their cycling profiles. SClim does not present

any sudden drops, but at the end of the procedure the capacity retention is nearing 10%.
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Figure 4.7: Comparison of capacity retention among protocols with varying pulse

profiles (on top charge, on bottom discharge capacity)

As for the differential capacity curves, these protocols are particularly interesting as, given

their structure limiting the working voltage limits of the battery, not all reactions occur as

expected. For example, in our case, the biggest discharging dip (2.7 V) takes place near

the voltage defined for 20% SoC (2.6 V), thus this reaction is often incomplete or missing

in the SClim and SCup protocols. As these peaks represent the redox reactions that

cause the ionic and electron conductivity between the electrodes, these reactions are not

being completed, leading to a lower electron flow in the external circuit, thus a lower ion

flow within the battery. The reason SCup presents much higher impedance over the other

protocols is a combination of SEI formation and cathode deterioration. SEI growth and

thickening is accentuated in higher potential, and this profile reaches the upper limit of the

total working voltage of the battery. Not only does a bigger SEI increase the impedance
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of the cell, but it also consumes some of the few sodium ions in circulation during this

protocol.

Figure 4.8: Differential capacity plots for batteries 1CR-1 (top-left), SClim-1 (top-right),

SCup-2 (bottom-left), SCdown-2 (bottom-right)

As the voltage limits for SCdown are more distant in relation to the more important redox

reactions in the electrodes, and being 0.3 V higher than the second charging peak, both

of these reactions are observed in these cycles. As these curves are representing the

differential capacity, the graph area below the plotted line represents the capacity of the

cell, and as there is a big portion of area missing above the cutoff voltage (3.8 V), there

is once again a significant portion of the sodium ions that are not being removed from

the electrodes. This incites a snowballing loss of capacity, as without fully completing all

the redox reactions the sodium ions being unused will be accumulated in the electrodes,

causing the diminishing amplitude of the dQ/dV curves observed for this protocol. In the

SCdown-1 cell this led to a drop and eventual end of life, but before it followed a very

similar trend to SCdown-2. [63]

As our batteries present a prussian blue cathode that suffers phase shifts during the charg-

ing and discharging of the ions in its lattice, these incomplete redox reactions contribute

to the degradation of its very lattice. For the cases with incomplete high spin Fe reactions,

this damage is much more aggressive and sooner in the cycle life, as these reactions are

accompanied by the bigger shift in structure from rhombohedral to cubic. As these redox
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shifts don’t fully occur, there is a possibility that this shift doesn’t take place in these proto-

cols, creating stress in the cathode as it is in a much less suitable phase to receive the Na

ions. While not as aggressively, as the high spin redox reaction seems to be present, the

case for SCdown isn’t much different, albeit much less aggressive. The shifts between

the several cubic phases the electrode goes through are much smaller, but still cause

strain and conflicts if they do not properly accompany the ion movement within the cell.

4.4. Pulse Profile Protocols

For group 3, the protocols tackled the shape of the charge/discharge current applied to

the batteries. In this instance all these protocols followed the reference 1CR in terms

of capacity retention, as all of them finished with more than 70% of total capacity. This

indicates these profiles are much more conservative on cell degradation than the pre-

vious groups. The stepped nature of the capacity retention, with several plateaus and

almost fixed values showing, is a result of the protocols themselves, as given the way

they are structured certain cycles will have more or less pulses depending on their speed

in reaching maximum voltage or capacity.

The pulse protocols provide faster charging/discharging times, cutting it by about 25 min-

utes in PCR and around 15 minutes in PCC, when compared to the 125minutes it takes

in 1CR, without compromising capacity retention. Due to the nature of the pulse profile

in these protocols, and how our battery tester saves data, the differential capacity plots

cannot be fully obtained in a readable state, as each pulse registers several very disperse

values of dQ/dV in each step, summing up to around 30 pulses per charge/discharge.
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Figure 4.9: Comparison of capacity retention among pulse profile protocols (on top

charge, on bottom discharge capacity)

4.5. CC-CV and Asymmettrical Protocols

As for the fourth group, for a better understanding of the curves it was split into two sub-

groups, one with the 1CR protocol as reference and another with the protocol DS as

reference. In this first subgroup, the influence of the constant voltage step when cycling

is tested. For the FC1C and FCC/2 protocols, this step is present in both the charge and

the discharge, as for the DS cells, it is only present in the charge. Except for FCC/2, these

protocols have massive and sudden drops in capacity retention, with FC1C-1 resisting al-

most 250 cycles before dropping harshly to the point of activation safety mechanisms in

the battery tester. Until this drop, the cell had a very similar behaviour to 1CR-3. As for

the FCC/2 protocol, the batteries stopped early from exceeding the charge capacity safety

limits. The constant voltage step seems to have a major destructive effect on degradation.
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Figure 4.10: Comparison of capacity retention among CC-CV protocols (on top charge,

on bottom discharge capacity)

As for the subgroup with DS as a reference, the protocols FastDC and StepDC were

included for comparison. Both have the CV step present only in the charging phase. In

all of these protocols we can observe total failure and end of life for all cells, leading to

the conclusion that the complete CCCV charge has some correlation to very aggressive

degradation.
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Figure 4.11: Comparison of capacity retention among asymmetrical protocols (on top

charge, on bottom discharge capacity)

To properly evaluate the full extent of the damage done to the electrodes, the differential

capacity curves are once again a useful tool. As we can see in the figure below, all these

protocols had their redox reaction peaks and dips diminish and shifting slightly to the right

throughout the cycles, until the cell reaches full collapse.
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Figure 4.12: Differential capacity plots for batteries DS-1 (top-left), FastDC-2 (top-right),

StepDC-2 (bottom-left), FCC/2-2 (bottom-right)

As these protocols only have the CV step in common, it should be the root cause of this

extreme capacity loss. The constant voltage step is held at the end of the charge at high

potential values, which is also an extremely active zone for ion mobility and side reactions

within the battery. In these protocols some later cycles had a small capacity recuperation,

also visible in the differential capacity at higher potential, that originated in partial disso-

lution of SEI layer, releasing Na ions that were previously considered consumed. On the

structural side of the electrodes, experiencing a full charge/discharge, and therefore full

insertion/removal of the intercalated ions, may lead to irreversible phase shift. The rhom-

bohedral structure of the prussian blue, when filled with sodium with a nonstop constant

voltage, may become extremely stressed, as sodium ions are large and introduce lack of

balance in the lattice.

4.6. Post-Mortem Analysis

Due to unknown circumstances, some batteries were fully discharged and damaged to

the point where it was impossible to perform the final EIS in them. 1CR-2, 1CR-3 and

all the batteries with the 3CR, FC1C and FCC/2 protocols were all affected. When trying

to safely charge these cells up to better potential values to try and EIS, even with small

currents of 0.001 C-rate, the voltage would shoot up beyond the safety limits into the 6V

range. This means a highly elevated internal impedance and resistance is present, but
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without being able to work with the device in acceptable voltage values we cannot perform

the final EIS test.

As most impedance curves in the cycled batteries are quite different from one another,

even in similar protocols, there is very little interest in averaging all the fitted circuits to

obtain a simulated EIS standard for all cells. Observing the general final EIS Nyquist

plots, it is noticeable that some have a complete second semicircle in the charge transfer

region, thus a second parallel split with a resistor and a CPE should be included in the

equivalent circuit. Some batteries show a small shoulder shift at higher frequency region,

thus leading to incorporating a third CPE right before the parallel circuit split. The result-

ing equivalent circuit is shown in Figure 4.13. As these final plots vary between all the

protocols and even between cells with similar protocols, we can’t define specific average

values transversal and applicable to all the batteries.

Figure 4.13: Equivalent circuit fitted in general to all post-mortem EIS

To fittingly compare all the final Nyquist plots between each other, the reference curve

will be defined as the fitted circuit presented in figure 4.1 D, with the average values of

the circuit elements.

4.6.1 Group 1 - C-Rate Variation

As we can observe in the EIS, after cycling the ionic conductivity area of the Nyquist

plot forms a second semicircle, indicating an increase in interfacial impedance within the

cells. As was the case with the capacity retention, the protocols 1CR and CR/5 seem to

present curves much closer to the initial fit when compared to 2CR, which shows much

higher values of impedance and, in the cell 2CR-1, an increase in the initial resistance.

This indicates that a major degradation mechanism present in these batteries is the SEI,

as the elongated semicircle along with a second one represent slower kinetics, mostly
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from passivating interfacial layers like the SEI. Thus, we can conclude that the formation

and thickening of this layer increases with higher C-rates. This effect originates from the

faster diffusion rates of the ions, which the electrodes cannot always keep up with, leading

to aggravated polarization and boosting side reaction, such as SEI growth. Although

not measured, the higher currents and higher resistance should lead to higher internal

temperatures, further facilitating electrolyte dissolution. [66]

Figure 4.14: Comparison between Nyquist plots for the Group 1 batteries (square plot

with equal axis on the left, more zoomed in on the right)

4.6.2 Group 2 - SoC Windows

In the second group, we were able to perform the final EIS on all of the batteries, thus

providing deeper knowledge on the effects of all the protocols. As noted in the previous

section, these protocols proved all to be much more destructive than the reference 1CR

protocol, as most of the cells reached total failure with an end of life below 10% capacity

retention.

Figure 4.15: Comparison between Nyquist plots for the Group 2 batteries (square plot

with equal axis on the left, more zoomed in on the right)

Unlike the C-rate protocols, these cells did not form a second semicircle after cycling,

instead their impedance in the only semicircle increasedmuchmore, reaching the 100mΩ
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range. The overall shape of the Nyquist plots is identical between these protocols, with

initial resistance also increased in every cell that reached end of life, and a small shoulder

shift present at high frequencies, in this case equating to the interfacial impedance, mostly

driven up by the SEI layer. These shoulders are much more pronounced in the SCup

protocol, this is due to the SEI layer having bigger growth in high potential values, and

therefore higher SoC. [67]

4.6.3 Group 3 - Pulse Profiles

In the third group, the cell PCC-1 is a particular case as external electrical issues caused

an early stop in the protocol, but in the data we do have it showed a very identical be-

haviour to PCC-2. The overall EIS plots of this group resemble the graph for the first group,

with a second semicircle forming in the ionic conductivity region and very little change to

the initial resistance. This is in agreement with the capacity retention results, confirming

the conservative nature of these profiles. The bigger impedance in the semicircles when

compared to 1CR protocol are a cause of bigger SEI growth in the higher C-rate steps of

the pulses, at either 2C (PCR) or 1.5C (PCC).

Figure 4.16: Comparison between Nyquist plots for the Group 3 batteries (square plot

with equal axis on the left, more zoomed in on the right)

4.6.4 Group 4 - CC-CV and Asymmetrical protocols

For the batteries in group 4, we were unable to perform a final EIS on the cells cycled

with the FC1C and FCC/2 protocols. As for the DS, StepDC and FastDC protocols, they

present the biggest impedance of all the tested batteries in this study, up to 3.5 Ω in the

more extreme case (StepDC-2). All the plots seem to have at least a hint at a second

semicircle indicating serious interfacial issue. Taking this into account with the sheer

magnitude of the impedance, there must be intense structural degradation in the elec-

trodes, with possible cracking and breaking of the connections between components. As
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these protocols include at least one constant voltage step, the cells spend a lot more time

in higher potentials, which, as already discussed, promote bigger growth in the SEI layer

and other side reactions, causing a rapid consumption of sodium ion inventory.

Figure 4.17: Comparison between Nyquist plots for the Group 4 batteries (square plot

with equal axis on the left, more zoomed in on the right)

4.7. Limitations of the study

As an aging work this study is, naturally, limited to time constraints. Some batteries with

more conservative protocols had a capacity retention in higher percentages above 70%,

thus never reached total degradation with more challenging and impactful degradation

mechanisms. A larger time window would also allow for an extra comparative aging ref-

erence with calendar aged cells, which would provide extra insight into the true effect of

the specific factors of the protocols. The number of cells is also somewhat limiting, as

with more available units more protocols could have been tested and their reproducibility

could have been tested further, possibly avoiding problems like lost data or batteries that

could not have the final EIS tests done.
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5. Conclusions and Future Work

5.1. Main Findings

This thesis set out with the goal to evaluate the impact of varying charge/discharge profiles

on the cyclic aging of SIBs, experimentally testing several protocols with different C-rate,

Soc windows, pulse and CC-CV profiles. The specific degradation mechanisms present

in these batteries are identified by comparing and analysing their cycling metrics and

their changes through the cycles, identifying factors that contribute to aging and major

challenges in this technology.

Beginning with an initial characterization of the batteries prior to cycling, in order to better

understand how the degradation mechanisms evolve within them, an equivalent circuit

to fit the average EIS Nyquist curve was created. Using differential capacity analysis,

the curve’s peaks and dips were identified to determine the electrode materials of our

objects of work. Comparing with literature lead to the conclusion that these cells have an

iron-based prussian blue cathode (Na2−xFeFe(CN)6) and a hard carbon anode.

Several protocols were developed and split into groups for an easier analysis of specific

charge/discharge profiles. The first group proved how the overall capacity retention of a

cell greatly reduces with higher current C-rate, caused by a bigger SEI growth in those

conditions, still exhibiting some stability. The second group, focused on the SoCwindows,

revealed a major flaw in the PBA materials. These cathodes, while the battery is cycling,

will change between several phases depending on the amount of sodium ions filling vacant

spaces. As these phase changes accompany the cathode’s redox reactions, limiting SoC

limits these reactions, and the phase transitions become incomplete, resulting in sodium

trapping and major structural damage. Hence it was discovered that using a wide, full

100% SoC range for cycling is preferable. As for the third group, the pulse charging

profiles were found to be significantly faster than a standard CC charge (around 20% for

PCR and 12% for PCC) without compromising capacity retention, as their results were

comparable to the reference cases of the first group. In the final group, the constant

voltage step was linked to a bigger capacity loss as a result of the full charge/discharge

causing higher stress and possible irreversible phase transition in the electrodes. These

steps also lead to more time spent at higher voltage states, which enforces a bigger SEI

growth, impacting the impedance and resistance of these cells.
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This study managed to connect several charge/discharge variables to the specific degra-

dation mechanisms of SIBs, identifying SEI growth and cathode phase transitions and

stress as the main challenges they face, with certain protocols such as simple CC C-rate

and pulse profiles helping avoid these degradation mechanisms.

5.2. Future Perspectives

In the future, bigger studies with more protocols and cycled units would help better un-

derstand the degradation with each factor, even expanding to variables not explored in

this study like temperature. With a bigger dataset it would also be possible to develop a

machine learning predictive algorithm, to simulate battery degradation with several pro-

tocols. Several post-mortem characterization techniques, such as XRD and SEM, could

be applied to gain deeper knowledge on the changes occurring in the electrodes. This

deeper knowledge could lead to research on better electrode materials or additives that

could tackle these degradation mechanisms, improving the state of the art for sodium-ion

batteries and improving this promising technology.
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