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2 Broader context and thesis outline 

 

1. Climate change and battery technology 

Propelled by the surge in population and the fervor for automation, global energy 

consumption has undergone remarkable expansion since the 19th century, the dawn of the 

industrial era. Despite the recent disruptive impact of health crises (COVID-19) on the global 

economy and geopolitics, current projections persist in indicating an approximate 10% uptick in 

global energy demand by 2030 compared to pre-crisis levels1. This surge is predominantly steered 

by the economic and demographic growth across Asia and Africa. Concurrently, the planet 

grapples with a rise in atmospheric concentrations of greenhouse gases (GHGs), mainly released 

during the conversion of primary energy sources (CO2 emissions from combustion processes)2,3. 

These heightened concentrations contribute to an escalation in Earth’s surface temperatures on 

a global scale (Fig. 1). In the quest to meet this voracious energy appetite while constraining GHG 

emissions, an urgent imperative emerges: to reduce the carbon intensity inherent in our energy 

conversion systems.  

 

Fig. 1 | Impact of GHG emissions and pro-climate policies on temperature increase. Global CO2 emissions and 

probabilistic temperature outcomes of policy announcements associated with the lead-up to the Paris climate 

conference. (a) Global CO2 emissions from energy and industry for emissions pathways following no policy, current 

policy, meeting the announcements with constant country decarbonization rates past 2030, and meeting the 

announcements with higher rates of decarbonization past 2030. (b) Likelihoods of different levels of increase in 

global mean surface temperature during the 21st century relative to preindustrial levels for the four scenarios. 

Although (a) shows only CO2 emissions from energy and industry, temperature outcomes are based on the full suite 
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of GHG, aerosol, and short-lived species emissions across the full set of human activities and physical Earth systems. 

IPCC AR5 is The Fifth Assessment Report of the United Nations Intergovernmental Panel on Climate Change. INDCs 

refer to Intended Nationally Determined Contributions, which is the term used for the announced actions in the 

lead-up to Paris. The figure is adapted from Chapter 14 of the Climate science special report.3 

In this context, the Paris Agreement4 adopted unanimously by 195 nations on December 

12, 2015, marks a milestone in climate change action. Its objective is to fortify the global response 

against the looming threat of climate change, aiming to restrain the 21st-century temperature 

escalation to well below 2 °C (2 °C above pre-industrial levels – a time dating back to the mid-

19th century). The forecasted effect of the implementation of different climate policies 

suggested by the Intergovernmental Panel on Climate Change (IPCC)5 on projected global 

warming is presented in Fig. 1.  

Energy storage technologies (ESTs) are pivotal in realizing these objectives. The effective 

integration of renewable sources such as solar and wind, characterized by their intermittent 

nature and unpredictable behavior, hinges on concurrent advancements in ESTs.6,7 Additionally, 

ESTs offer adaptability to energy systems, enabling improved optimization and efficiency gains. 

The acceleration of electrifying the transportation and electric power sector is contingent upon 

achieving competitive costs for ESTs. These technologies are classified into categories 

encompassing electrical, electrochemical, thermal, and mechanical domains, with varying scales 

and degrees of decentralization. Among these, electrochemical innovations like batteries, fuel 

cells, and supercapacitors have undergone remarkable research and innovation acceleration 

recently8,9. Noteworthy is the substantial progress of lithium-based batteries, which have 

surpassed their predecessors, namely lead-acid and nickel metal hydride batteries.7,10–12 These 

lithium-based batteries currently dominate the portable electronics sector and are well on their 

way to widespread adoption for electric transportation, extending even to large-scale grid 

applications.13–15 An impactful report from the World Economic Forum (WEF) asserts that the 

successful integration of batteries, coupled with the implementation of a circular value chain 

(involving repair, refurbishment, and recycling) in both transportation and the electric power 

sector, holds the potential to curtail greenhouse gas emissions16, thereby assisting in keeping the 

global temperature increase below 2°C (Fig. 2). 



 

 
 

4 Broader context and thesis outline 

 

 

Fig. 2 | Target state of transport and power sector emissions to stay below the Paris Agreement goal. Batteries 

help to ensure that GHG emissions stay below the 2°C Paris carbon budget in 2050. Note that only the transport and 

power sectors are considered. Figure is adapted from World economic forum report16. 

 While lithium-ion batteries have revolutionized portable electronics and electric vehicles, 

they come with limitations in terms of finite lithium resources17–19. Alternatively, there is a 

potential for other emerging battery concepts to gain traction during this period. Advanced 

lithium-ion (solid-state batteries, lithium-sulfur batteries, etc.) and beyond lithium-ion battery 

technology (Na-ion, Mg-ion, Al-ion, Zn-ion batteries, etc.)20,21 hold immense importance in our 

pursuit of sustainable and efficient energy storage solutions. Beyond lithium-ion battery 

technologies promises sustainable electric transition but also addresses environmental and 

geopolitical concerns related to lithium extraction. The development of beyond lithium-ion 

batteries heralds a new era of innovation, enabling us to transit towards cleaner energy 

ecosystems and drive forward the electrification of various sectors while reducing our carbon 

footprint and ensuring a more sustainable future22. 
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2. Thesis Outline 

This thesis aims to contribute to the development of ‘beyond lithium-ion batteries’ and, 

more specifically, sodium-ion batteries (NIBs). With an overarching ambition, this thesis targets 

to enhance the longevity and performance of NIBs. Different chapters of the thesis focus on 

particular aspects of the NIB chemistry studied with the knowledge of solid-state chemistry, 

optical sensing, electrochemical measurements, and analysis. 

It is structured into the following seven chapters: 

Chapter 1 begins with a brief introduction to lithium-ion batteries (LIBs) and the comparative 

development of sodium-ion batteries (NIBs). The working principle of sodium-ion batteries and 

the importance of electrodes and electrolytes is discussed. The study pivots toward a 

comprehensive analysis of full cells featuring layered oxide, Prussian blue, and polyanionic 

materials, culminating in the selection of the Na3V2(PO4)2F3 |hard carbon chemistry as the 

principal system of investigation. An exposition of the formation and intricacies of interphases in 

the NIB system serves as a fitting prelude to the subsequent chapters. 

Chapter 2 is divided into two parts. The first part explores the different electrochemical 

measurements and their analysis. These range from the intuitive scrutiny of charge-discharge 

curves to the intricate dissection of impedance measurements, effectively uncovering valuable 

insights into cell degradation. Additionally, the electrochemical analysis can be confirmed with 

the postmortem of the cells. This investigation is complemented by a synoptic review of studies 

pertaining to Na3V2(PO4)2F3|hard carbon cells, encapsulating their notable achievements and 

limitations. This review prepares the intellectual terrain for the central theme of the thesis. 

Chapter 3 undertakes an exhaustive inquiry into the degradation intrinsic to the 

Na3V2(PO4)2F3 material. High potential induced surface degradation, vanadium dissolution, and 

its dependence on salt are explored. Progressing in complexity, the study unveils the fingerprint 

of vanadium dissolution manifested within electrochemical curves. Subsequently, strategies for 

attenuating vanadium dissolution and simultaneously realizing cell longevity and performance 

are meticulously presented. 
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Chapter 4 deals with the practical challenge of designing the electrolyte tailored to the 

Na3V2(PO4)2F3|hard carbon cells that can be implemented in commercial cell formats. A novel 

electrolyte composition featuring additives takes center stage, forming a robust interphase and 

adeptly suppressing parasitic reactions to mitigate excessive gas generation. Thus, the suggested 

electrolyte shows remarkable elevated and ambient temperature performance in terms of 

calendar and cycle life.  

Chapter 5 is dedicated to overcoming an impedance-related limitation inherent to the 

electrolyte elucidated in Chapter 4. The meticulous incorporation of a low-viscosity ester, 

specifically methyl acetate, into the electrolytic blend unveils an effective remedy for 

surmounting the impedance barrier. This strategic intervention is helpful in low-temperature 

operations and fast-charging applications, signifying a marked advancement in the electrolyte 

architecture. 

Chapter 6 focuses on a very specific application of ‘Zero-volt storage’. As compared to LIBs, 

NIBs are being claimed as chemistries to sustain the overdischarge and storage at 0V. Thus, this 

chapter deals with the degradation mechanism related to the 0V. A distinctive focus is cast upon 

the solid electrolyte interphase (SEI) decomposition, catalyzed by the potential shoot-up of hard 

carbon during 0V storage. The intricate interplay between electrolyte compositions and their 

influence on cell stability in 0V conditions is meticulously examined. Concluding this exploration, 

a suite of strategies is discussed to circumvent the hard carbon potential shoot-up. 

The concluding Chapter 7 summarizes this thesis’s fundamental and practical achievements 

along with the remaining questions. This is immediately followed by the opening of two future 

directions for further expanding the designing space of sodium-ion batteries by manipulating 

either electrodes and electrolytes. In concluding the thesis, I finalize by sharing my optimistic 

personal viewpoint regarding the practical feasibility of sodium-ion batteries in real-world 

scenarios. 
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1. Historical perspective: From Volta’s cell to rechargeable Na-ion cell 

The journey of battery development began with Alessandro Volta’s invention23 of the 

“cell” in 1799, which sparked the creation of modern batteries. This journey saw the evolution 

from the Daniell cell (1836) to the Leclanché cell (1866) and eventually to Union Carbide’s alkaline 

small dry cell in 194924. The advent of rechargeable batteries started with Gaston Planté’s lead 

acid battery (1859), followed by nickel-cadmium (1899) and nickel-metal hydride batteries (mid-

1980s).25 On another front, realizing the high electroactive nature of Li, exploration of non-

aqueous lithium-based batteries began in the 1960s, leading to various chemistries like sulfur 

dioxide (Li|SO2), polycarbon monofluoride (Li|(CFx)n), manganese oxide (Li|MnO2), and copper 

oxide (Li|CuO).26,27 The Li|MnO2 batteries were even used in calculators in 1975 by Sanyo 

Company.28,29 Batteries based on polyvinyl-pyridine electrode, Li/LiI/Li2PVP batteries are being 

used in cardiac pacemakers from 1972 until today.30,31 

The game-changer was the commercialization of a “rechargeable” lithium-ion battery (LIB) 

by Sony in 1991, which was based on the reversible intercalation of lithium ions in the host 

electrodes (LixCoO2 and carbon).32 This invention was the culmination of years of research, 

including the first-ever TiS2|Li rechargeable LIB33 (Whittingham et al. in 1974) with an output 

voltage of 2V, the seminal discovery of reversible intercalation of Li in LixCoO2 increasing cell 

voltage34 to 4V (Goodenough et al. in 1979), and the replacement of problematic Li metal 

electrodes with petroleum coke35 (Yoshino et al. in 1985). The development of LIBs was further 

boosted with the discovery of spinel36 LiMn2O4 (Thackeray et al. in 1983), olivine37 LiFePO4 (Padhi 

et al. in 1997), LiNixMnyCo1-x-yO2 (known as NMC38,39, Dahn et al. and Ohzuku et al. in 2001) and 

later with attractive Ni-rich NMCs. In recognition of the immense impact of the discovery and 

advancement of rechargeable Li-ion cells, the Nobel Prize in Chemistry 2019 was awarded to John 

B. Goodenough, M. Stanley Whittingham, and Akira Yoshino.40 

During the 1980s, alongside research into Li+ intercalation (refer to Fig. 1.1), investigations 

into the reversible intercalation of Na+ and phase diagrams of NaxMO2 (M = Co, Cr, Ni, Ti, Mn, 

Mo, and Fe)41–52 were conducted with the aim of developing sodium-ion batteries (NIBs). In the 
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1980s, a few US and Japanese companies53–55 (Fig. 1.1) developed prototype cells containing P2-

NaxCoO2 and Na-Pb alloy as electrodes which showed 300 cycles with an average voltage of 2.9V.  

 

Fig. 1.1 | Timeline of critical developments in NIBs. The timeline illustrates significant discoveries and advancements 

in the development of sodium-ion batteries, along with a comparative timeline for lithium-ion batteries. The 

presented information is derived from the mentioned references.41–58 

However, by the 1990s, after commercialization by Sony, LIBs had demonstrated significant 

potential, resulting in decreased interest in NIBs. This was primarily attributed to the lower 

energy density of NIBs compared to LIBs, a consequence of sodium’s greater mass (22.99 g/mol 

versus 6.94 g/mol for lithium) and higher standard electrode potential (-2.71 V versus SHE as 
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compared to -3.02 V versus SHE for lithium).59,60 Another critical reason was the lack of suitable 

negative electrodes. Before the discovery of hard carbon electrodes61,62 (Dahn et al.) in 2000, 

there was no suitable negative electrode from the commercial prospect in terms of cost, capacity, 

voltage, and stability. In 2010, Komaba et al. achieved stable long cycling of hard carbon.53,63 

Apart from these few works, the NIB research field remained dead for two decades (refer to Fig. 

1.2) after the commercialization of LIBs in 1991.   

 

Fig. 1.2 | Resurgence of interest in NIBs after 2010. Yearly number of original papers on NIBs compared with that 

of LIBs. Data is accessed from the Web of Knowledge accessed on June 24, 2023. 

The early 2011s saw a resurgence of interest in NIBs (as reflected in Fig. 1.2) spurred by 

factors summarized below.  

• Increasing global demand for LIBs has raised concerns about the sufficiency of available 

lithium resources. Therefore, a burden on Li precursors’ supply chain triggered research on 

beyond LIB or a complementary NIB technology.17,18,21 

• The positive electrodes of high-performing LIBs contain rare, expensive, and geographically 

limited metals such as Li, Co, and Ni. Conversely, sodium sources are abundantly available, 

cheap, and widely distributed globally. If other earth-abundant and cheap elements are 
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used to design electrode materials, it will make NIBs a more economically feasible and geo-

politically neutral technology.64  

• Unlike Li, Na does not form alloys with aluminum, making it possible to use aluminum as a 

current collector instead of the more expensive copper.55,65 

• As the world transitions to renewable energy sources like wind and solar, there’s a need 

for reliable energy storage devices. Due to Li scarcity, NIBs are seen as a sustainable or 

greener alternative to LIBs. 

 

Fig. 1.3 | Roadmap of different battery technologies in terms of energy density and specific energy. Such trends, 

originally reported in 2001 by Tarascon and Armand7, have been extended here to show today’s status and future 

likelihoods based on a survey of the literature.66–69 Among R&D technologies, only those with fully demonstrated 

prototype cells have been included. Futuristic technologies are included based on the predictions.68,70 

To compare commercially attractive battery chemistries, certain metrics are used. The 

amount of storable electrical energy can be measured either per unit of weight (Wh/kg) as 

specific energy or per unit of volume (Wh/L) as energy density. Specific energy depends on the 

cell potential (V) and capacity (Ah/kg), which are directly linked to the system’s chemistry.10,71 
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Fig. 1.3 provides a development roadmap of battery technologies over the years. Note that this 

development is triggered with the intention to store more energy in smaller and lighter packages. 

In this context, Na-ion battery technology (as of 2022) acts as a bridge between Li-ion (as of 2018) 

and previous rechargeable battery chemistries like lead-acid, Ni-Cd, and Ni-MH. Further 

commercial optimization and supply chain development for NIBs will increase their energy 

density, reduce the cost, and eventually reduce our exclusive reliance on LIBs for various 

applications. 

Realizing this potential, numerous startups worldwide, including Tiamat Energy (France), 

HiNa (China), Faradion Limited (UK), and Altris (Sweden), have introduced NIB cell prototypes 

with varied chemistries.68 In December 2022, HiNa celebrated the first GWh-class NIB production 

line roll-out, utilizing layered oxide as the positive electrode.72 HiNa, JAC motors, and 

Volkswagen72 collaborated on a test vehicle equipped with NIBs, boasting a range of 252 km and 

an energy density of 120-140 Wh.kg-1. With a commanding 37% market share, leading LIB 

manufacturer CATL aims to institute a significant sodium-ion battery production chain by late 

2023, dedicated to powering Chery's electric vehicle model.73 Tiamat has initiated preliminary 

tests on a 48V battery pack for hybrid electric vehicles and a 3.6V screwdriver, focusing on high-

power applications based on Na3V2(PO4)2F3 (a polyanionic compound) as the positive 

electrode.74,75 Altris, a startup specializing in Prussian Blue analogues (PBAs), has announced 

plans for an industrial-scale production facility.76 This facility aims to manufacture 1000 metric 

tons of PBAs, facilitating the annual production of 1GWh worth of NIBs. Thus, after discussing the 

commercial interest in NIBs, the next session will delve into the fundamentals of NIB chemistry, 

different positive and negative electrode materials, and comprehensive comparisons of potential 

chemistries in terms of key performance parameters, advantages, and limitations. 

2. Working principle of Na-ion battery 

Fig. 1.4a-b illustrates typical half cells, which by definition contain Na metal as one of the 

electrodes. Another electrode consists of Na+ host materials. The electrolyte is an ionic conductor 

but an electronic insulator, while the electrodes are ionic and electronic conductors. The current 

collectors provide electronic conductivity and mechanical support to the electrodes but do not 
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participate in electrochemical reactions.77 As the potential of Na/Na+ redox couple on Na metal 

electrode roughly stays the same (acting as a reference electrode), half cells are used to study 

the behavior of the working electrode. By definition, the positive electrode denotes the electrode 

possessing a higher electric potential, while conversely, the negative electrode signifies the 

electrode characterized by a lower electric potential. Generally, the positive electrode (e.g., 

NaxMO2) consists of the active Na+ ions, which can be reversibly extracted during the charge (Fig. 

1.4a), and the negative electrode (e.g., hard carbon) can reversibly host the Na+ ions during the 

discharge(Fig. 1.4b) in the respective half cells.  

 

Fig. 1.4 | Schematic representation of half cells and full cells. Representative scheme for (a) Charging of Na metal 

half-cell of positive electrode NaxMO2. Na+ ions from the electrolyte are being removed from NaxMO2 and plated on 

top of the Na metal. (b) Discharging of Na metal half-cell of negative electrode hard carbon. Na+ ions are being 

stripped from Na metal and being inserted into hard carbon. (c) Charging of NaxMO2|HC full cell. (d) Discharging of 

NaxMO2|HC full cell. Note that from electrochemistry terminology, in half cells, the negative electrode will always 

be Na metal, here, negative electrode half cell terminology is used to represent the negative electrode used in full 

cell, in this case, hard carbon. 
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Using Na metal half cells is not commercially viable due to safety concerns related to the 

highly reactive nature of Na metal and the formation of dendrites, which can lead to internal 

short circuits and explosions.78 To address these issues, a full cell configuration is employed 

where the positive (e.g., NaxMO2) and negative electrodes (e.g., hard carbon) are combined into 

a single cell (Fig. 1.4c-d), making it suitable for practical applications. To gain a better 

understanding of the charging and discharging processes, as well as the movement of Na+ ions 

and electrons at a fundamental level, refer to Fig. 1.4c-d while correlating it to Fig. 1.5. 

Fig. 1.5 | Schematic representation of energy levels of positive and negative electrodes during battery functioning. 

The middle part shows the electrochemical profile of the NIB during charge/discharge and is represented as cell 

voltage as a function of Na-removal. The left part shows the energy levels of electrodes and electrolytes when the 

cell is assembled.  µ+ and µ- are the chemical potentials of the positive and negative electrode, while electrolyte 
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energy levels are marked by HOMO and LUMO. Note that when the cell is charged, the electron goes from the 

positive electrode to the negative electrode, increasing the cell voltage. The exact reverse process happens during 

the discharge of the cell. Generally, for high-energy electrodes, the chemical potential while the cell is operational 

exists beyond the HOMO and LUMO levels of the electrolyte leading to electrolyte decompositions and interphase 

formation, as discussed in Section 4.1 of this chapter.  

In insertion based systems such as NIBs, electrochemical reactions are driven by the 

difference in the sodium chemical potential (µ) between two electrodes (Note µ+ and µ- in Fig. 

1.5)10,71. Energy levels of electrolyte are defined by the highest occupied molecular orbitals 

(HOMO) and lowest unoccupied molecular orbital (LUMO) and shown in Fig. 1.5. During charging, 

the positive electrode material, which has a low sodium chemical potential, is oxidized by 

removal of Na+ ions from the structure and releasing electrons (Fig. 1.4c) to the external circuit. 

Concurrently, the negative electrode material, which has a high sodium chemical potential, is 

reduced by accepting electrons from the external circuit (Fig. 1.4c) and accepting Na+ ions in the 

structure from the electrolyte. Note that during charging (Fig. 1.5) electrons are effectively 

transferred from the energy band of positive electrode to the negative electrode and thus lead 

to increase in cell voltage (difference between sodium chemical potential of two electrodes) as 

Na+ ions are being transferred (charging curve in Fig. 1.5). This process is reversed when the 

battery is being discharged (refer to Fig. 1.4d and discharge process in Fig. 1.5) providing electric 

current to the external circuit that can be utilized to perform works10,71, such as powering an 

electronic device. 

 At this point, some of the important terminologies related to cell chemistry and 

performance will be defined, which will be of critical importance throughout the thesis. As 

discussed, the difference in chemical potentials of the sodium-ion in each electrode is related to 

the open circuit voltage of the battery by the Nernst equation10. 

                                                                𝑉 = −
µ+

𝑁𝑎− µ−
𝑁𝑎

𝑒
                      Equation 1.1 

Where µ+
𝑁𝑎 is the Na chemical potential of the positive electrode, and µ−

𝑁𝑎 is the Na chemical 

potential of the negative electrode. Note that high cell voltage can be realized with low µ+
𝑁𝑎 and 

high µ−
𝑁𝑎. However, the operating voltage of a battery is functionally limited by electrolyte 
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stability (HOMO and LUMO), and the so-called “electrochemical stability window” represented 

by Eg in Fig. 1.5, which will be discussed in Section 4.1-4.4 of this chapter.   

The cell voltage is the energy that is stored or returned by one working ion moving across 

the electrolyte. Complimentary to this, capacity (Q) is the amount of working ions that are 

transported between electrodes across the electrolyte10,77. The specific capacity of an electrode 

active material, in units of mAh/g, is 

                                                                 𝑄 =
96485∗𝑛(𝑁𝑎+)

3600∗M
                    Equation 1.2 

Where 𝑛(𝑁𝑎+) is number of Na+ ions, and M is the molecular weight of the electrode material. 

Gravimetric energy density is the product of the specific capacity and average cell voltage. 

It can be expressed either as 

                                                        Egravimetric (Wh/kg) = Q (Ah/kg) . Vavg (V)                        Equation 1.3 

 
Gravimetric energy density is related to volumetric energy density (Wh/L) by the active material’s 

density.  

Rate capability is the ability of a battery to charge and discharge quickly while still holding 

a significant amount of energy. This is crucial for batteries used in high-power applications like 

power tools and fast-charging electric vehicles. In order for a battery to have good rate capability, 

its electrodes must possess high electronic and ionic conductivity and electrolyte must have high 

ionic conductivity.66 

Cycle life refers to a battery’s capacity to maintain its energy storage capability after 

repeated charging and discharging cycles. Commercial batteries need to operate at the highest 

percentage of their initial performance over their lifetime, especially in electric vehicles and 

stationary grid storage that require a service life of at least ten years and need to retain their 

capacity for more than 10,000 cycles.79 

Battery safety is of utmost importance and is often prioritized over performance. Safety 

concerns prevent the use of Na metal (or Li metal) as a negative electrode despite its potential 



 
17 Chapter 1 | Na-ion batteries: Development and challenges from its origins until today. 

for higher energy densities.80 One critical safety property is positive electrode safety, which refers 

to a material’s tendency to decompose at high voltages, leading to oxygen gas evolution. This 

decomposition, combined with the exothermic reaction between the battery electrolyte81–85 and 

oxygen gas, can cause thermal runaway and pose a significant fire hazard. 

3. Electrode materials: A comprehensive summary  

An ideal electrode material should possess the following properties71,86 for practicability: 

1) can host a large amount of Na-ions (high specific capacity); 2) shows high redox potential; 3) 

maintains structural integrity during cycling (long life span); 4) has a large diffusion coefficient for 

Na+ ions and high electronic conductivity (good rate performance); 5) has high chemical and 

thermal stability (good cycle life), and is highly compatible with electrolytes (good safety); 6) is 

easily accessible, environmentally friendly, and cost-effective. 

3.1. Negative electrode materials 

 In a full cell, a negative electrode is defined as an electrode with higher sodium chemical 

potential, µ- in the energy diagram (Fig. 1.5) or lower voltage as compared to other (or positive) 

electrode. In order to achieve high voltages in a full cell, it is crucial to minimize the potential of 

the negative electrode, making it as low as possible. Supplementary Fig. S1.1a provides an 

overview of different types of electrode reactions, such as insertion, alloying, and conversion. On 

the other hand, Supplementary Fig. S1.1b summarizes the specific capacity and working voltage 

of various negative electrodes reported for NIBs. The insertion type includes carbonaceous 

materials and titanium-based oxides (Na2Ti3O7, TiO2, etc.), while transition metal oxides (Fe2O3, 

Fe3O4, Co3O4, etc.) or transition metal sulfides (CoSx, ZnS, etc.) undergo conversion reactions.55 

Additionally, alloying compounds of group 14 or 15 elements with sodium, such as Na-M (M = 

Sn, Ge, Sb, P, SnSb), are being considered as potential candidate materials.87 
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Fig. 1.6 | First report on hard carbon as negative electrode and its storage mechanism. (a) Voltage vs. capacity 

profile of hard carbon electrode. (b) Na storage mechanism is explained using the house of card model. Parallel lines 

represent graphitic regions in the hard carbon, and non-parallel lines indicate non-graphitic regions. Na-ion 

segregated at one place indicates the existence of pores. Reproduced from Dahn et al. paper.62 

In the category of carbonaceous materials, graphite which is commonly used in LIBs, 

exhibits a significant limitation as it fails to intercalate sodium in carbonate solvents88,89. 

However, the first report61,62 in the year 2000 showed that disordered non-graphitizable hard 

carbon (HC) can reversibly insert Na+, giving a capacity of 300 mAh/g (Fig. 1.6a). Note that the 

voltage-capacity curve shows two regions, a sloppy region in the initial and a flat region in the 

later stages of insertion. This behavior was explained by a simple “house of cards” model62 (Fig. 

1.6b), where Na+ initially goes into the parallel layers of graphene sheets (graphitic region), and 

later it goes into the nanoscale porosity leading to a flat potential region. Recently, Grey et al. 

used a more rigorous atomic model for hard carbon90 considering the defects, curvature, and sp3-

hybridized carbons. The model was supported by experimental PDF and NMR measurements. 

This model affirms the main claims of the house of cards model with the observance of Na 

clusters (13–15 Å diameter) at pores in the low voltage flat region. Komaba et al., using Density 
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Functional Theory (DFT), confirmed the formation of Na clusters91 and asserted that the observed 

478 mAh/g capacity in MgO template92 HC is achieved by enhancing the ability to form 

nanoclusters of Na. Nevertheless, it remains unclear how small Na metal clusters can form at 

positive potentials and what is the nature of the Na in those clusters.  

 

Fig. 1.7 | Choosing the right hard carbon and other cell parameters. (a)First stable cycling of HC half cell reported 

by Komaba et al. (b) Effect of synthesis temperature on the capacity and first cycle irreversibility. (c) Bar chart 

summary of capacity and irreversibility as a function of synthesis temperature. Reproduced from Komaba et al. and 

Abe et al.’s paper.54,63,93 

Regrettably, performance-wise, the initially reported hard carbon in 2000 exhibited 

suboptimal cyclic stability with only two cycles reported (Fig. 1.6a). Only in 2010 Komaba and 

team demonstrated the stable cyclic performance53,63 (Fig. 1.7a) of hard carbon by optimizing HC 

synthesis and other cell conditions like a binder, purity, water content of solvents and salts, etc. 

Notably, the reversible capacity, capacity from the sloppy and flat region, and first-cycle capacity 

loss are greatly influenced by synthesis temperature (Fig. 1.7b-c). Currently, with synthesis 

optimization, the HC with first cycle irreversibility as low as 5% and a reversible capacity of 350 
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mAh/g can be achieved93 (HC synthesized at 2000°C in Fig. 1.7c). Therefore, choosing the right 

precursor and synthesis conditions to make hard carbon, binder to make electrodes, and purity 

of the salts and solvents is essential to make state-of-the-art HC electrodes and cells.    

 

Fig. 1.8 | Next-generation negative electrodes for NIBs. (a) Tabulated gravimetric and volumetric capacity of the 

potential negative electrodes for NIBs. (b) Problems of particle pulverization and delamination in alloy-type negative 

electrodes. Part (b) is reproduced from Aurbach et al.’s work.19  

HC is currently irreplaceable as a negative electrode due to its low cost, easy synthesis, and 

high stability, achieved through extensive research in the past decade. To increase the energy 

density of sodium-ion batteries (as shown in Fig. 1.3), it is important to explore alloying and 

conversion electrodes with high capacity (Fig. 1.8a). However, these electrodes suffer from poor 

cyclic stability due to volume expansion, self-pulverization, and delamination of particles (Fig. 

1.8b)19,87. While stabilizing them is crucial for future technology, they are not yet ready for 

practical use compared to HC. 
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3.2. Positive electrode materials  

3.2.1 Insight into layered oxides, polyanionic compounds, and Prussian blue analogues 

The determination of energy density in NIBs heavily relies on the positive electrode 

material, as it contains the active Na-ion inventory and exhibits a high voltage during Na+ 

(de)insertion. The positive electrode material encompasses a variety of materials, which can be 

categorized into layered oxides, polyanionic compounds, and Prussian blue analogues (PBAs), as 

shown in the general structure and representative chemical formula94,95 in Fig. 1.9. Experimental 

observations of capacity and average voltages for different materials are depicted in Fig. 1.10. By 

examining Fig. 1.10, a general comparative trend can be observed: layered oxides demonstrate 

higher capacity but lower voltages (represented by orange dots), polyanionic compounds exhibit 

high voltages but lower capacity (represented by blue dots), and PBAs display moderate capacity 

and voltage (represented by green dots). 

 

Fig. 1.9 | General molecular formula and structural representation of Layered oxides, Polyanionic compounds, and 

Prussian blue analogues. Note that depending on the transition metal M and cationic/anionic doping will finally 

decide the molecular formula and crystal structure.  

Layered oxides can be classified into P2, P3, O2, or O3 type based on the crystal 

structure43 (supplementary Fig. S1.2). The letter P and O denotes prismatic or octahedral 

coordination of Na ion, and the number represents the minimum number of MO2 slabs required 

to reproduce the oxygen stacking sequence. Sodium layered oxides (NaxMO2) with x>0.9, 
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generally crystallize in O3 structure, thus offering high capacity, which is attractive for practical 

applications. As seen from Fig. 1.10, most of the layered oxide contains Ni as a redox center. 

Additionally, NaxMO2 compounds are typically more prone to Na+-driven phase transitions 

compared to their Li analogs due to larger Na+ size and Na+-vacancy ordering96,97. Moreover, 

generally, O3 type NaxMO2 are highly sensitive to atmospheric moisture and result in the 

formation of insulating NaOH, Na2CO3, and Na2CO3.H2O, which degrades the electrode 

performances53,98. Due to above discussed reasons, multiple transition metal ions are doped to 

manipulate the phase transitions, air stability, and voltage in these compounds.  

 

Fig. 1.10 | Research progress of cathode materials for NIBs presenting average charge voltage and discharge 

capacity. Reproduced from Aurbach et al.’s review paper.19   

Polyanion-type electrode materials are compounds that consist of a series of tetrahedral 

anionic units (XO4)n– or their derivatives (XmO3m+1)n– (where X represents elements such as S, P, 

Si, As, Mo, or W) connected by strong covalent-bonded MOx polyhedra (with M representing a 

transition metal).10,71,99 Goodenough et al. systematically demonstrated that replacing oxygen 

with polyanionic units increases the redox voltage of the transition metal due to the inductive 
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effect. For example, the redox potential of Fe3+/Fe2+ can be effectively increased from 2.4 eV to 

3.9 eV just by incorporating polyanionic groups (Fig. 1.11a). 

 

Fig. 1.11 | Effect of polyanionic group on voltage. (a) Effective redox voltage of Fe2+/Fe3+ for different Li based 

polyanionc compunds as presented by Goodenough et al. Reproduced from the review paper100 of Abakumov et al. 

(b) Potential vs. cumulative capacity profile of NVP and NVPF electrodes in Na metal half cell.   

Phosphates are among the most common polyanion compounds and are typically based 

on the (PO4)3- anion.99,101 Na3V2(PO4)3 (NVP) is a well-known positive electrode material that 

crystallizes in the NASICON structure (monoclinic, space group: C/2c). It exhibits a flat plateau at 

3.35 V and a reversible capacity of 107 mAh/g (Fig. 1.11b).102 By replacing one (PO4)3- with three 

F- ions, Na3V2(PO4)2F3 (NVPF)  is obtained. NVPF crystallizes in the orthogonal system (Amam) 

103,104, and the inductive effect of F- significantly increases the overall redox potential of V (Fig. 

1.11b), resulting in an average voltage of 3.9 V and a reversible capacity of 120 mAh/g105. The 

charging profile of NVPF exhibits two flat plateaus corresponding to the removal of two sodium 

ions per formula unit. NVPF possesses a high Na-ion diffusivity due to its open structure, resulting 

in excellent power performance (supplementary Fig. S1.3). Note that various compounds with 

Na3V2(PO4)2FxOy are possible106, but among them, NVPF is the most attractive due to its higher 

voltages. Interestingly, both NVP and NVPF are stable in water,107 making their handling and 

processing highly convenient. One limitation of NVPF is its low electronic conductivity, which can 

be addressed by carbon coating108 of NVPF particles. The discussed properties of NVPF make it a 

promising candidate for a commercial application. 
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 The Prussian blue analogues (PBAs)109 represents a family of metal organic framework 

that could be represented as NaxM1[M2(CN)6]y⋅zH2O. Here, M1 and M2 typically are transition 

metals bonded by −C≡N− bonds to form a 3D open structure with the capability to host sodium 

inside the crystal structure. Water exists in three kinds of forms in the PBA framework, namely 

the adsorbed water on the surface, the zeolitic water in the interstitial sites, and the coordinated 

water that is chemically bonded with the metal ions.110,111 Fig. 1.12a shows an example of a 

structurally flawless PBA, Na2M[Fe(CN)6], while Fig. 1.12b presents an ideal defective PBA, 

NaM[Fe(CN)6]0.75•□0.25, in which 25% of the Fe(CN)6 sites are vacant, and a neighboring M atom 

is coordinated with a water molecule.112 Depending on the synthesis route, an experimentally 

obtained PBA compound would fall between these two ideal crystal structures, and tuning defect 

chemistry is critical for optimal performance. The partially dehydrated PBAs exhibit better 

performance but are highly susceptible to moisture. Moreover, PBAs exhibit low electronic 

conductivity. Thus, optimizing synthesis conditions, handling conditions (due to moisture 

sensitivity), and conductive coating can lead to good electrochemical performance.  

 

Fig. 1.12 | Generation of vacancies and coordinated water in PBAs (a) A structurally flawless Na2M[Fe(CN)6] 

framework is presented, with M ions being six-fold coordinated to the nitrogen atoms of the CN ligands and Fe ions 

being octahedrally neighbored with the carbon atoms of the CN ligands. This results in the formation of a three-

dimensional polymeric framework with large interstitial spaces, where the guests (Na+ ions and zeolitic water 

molecules) occupy the interstitial “A” sites located at the center of every eight sub-cubes. For clarity, the zeolitic 

water molecules are not included in the framework. (b) An ideally defective NaM[Fe(CN)6]0.75•□0.25 framework is 

present, where 25% of the Fe(CN)6 sites are vacant in each unit cell. In this case, the M ions neighboring to the 

vacancies are coordinated by water molecules, with the total number of water molecules in the unit being six. 

Reproduced from Yang et al.’s paper.112 
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Based on the previous discussion, it is evident that positive electrodes can be categorized 

into three types: layered oxides, PBAs, and polyanionic compounds. Each category has its own 

set of advantages and disadvantages. To make the right choice for a specific purpose, it is 

important to compare these key matrices. In the next session, we will discuss the cyclic stability 

of these three chemistries.  

3.2.2 Evaluating key matrices of different cell chemistries 

3.2.2.1 Comparing Energy Density  

In order to identify the best suitable cell chemistry, it is important to compare different 

parameters. The first parameter is the specific energy of the material. Fig. 1.13 depicts the 

development of different commercial prototype cells in terms of energy density over the years.68 

Note that layered oxides (Faradion and HiNa) and PBAs (CATL and Altris) show higher energy 

density prototypes than polyanionic NVPF based cells (Tiamat). Interestingly, these NIBs are 

approaching the energy density of LiFePO4 (LFP)-based LIBs (Fig. 1.13). The next section will focus 

on the cyclic stability of different chemistries.  

 

Fig. 1.13 | State-of-the-art energy densities and cycle lives of the Na-ion technology. Reproduced from reference.68 

3.2.2.2 Exploring Cyclic Stability: Comparative Analysis at Ambient and High Temperatures 

Beyond the previously discussed parameters like voltage and capacity, another critical 

aspect is the cycle and calendar life of batteries. Capacity retention offers insights into battery 
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cycle life, where electrode and electrolyte degradation play determining roles. This section 

explores the optimal stability observed across distinct NIB chemistries in existing literature, 

spanning both ambient and elevated temperature conditions. 

 

Fig. 1.14 | Notable cyclic stability performances for full cells. (a) Layered oxide synthesized with core-shell strategy 

Na[Ni0.60Co0.05Mn0.35]O2 cycled against HC negative electrode. Reproduced from Soon et al.’s paper.113 (b) 

Na1.94Mn[Fe0.99(CN)6]0.95⋅1.92H2O synthesized using mechanochemical route cycled against NaTi2(PO4)3 negative 

electrode. Reproduced from Hu et al.’s paper.114  (c) Carbon coated NVPF cycled against hard carbon electrode. 

Reproduced from Masquelier et al.’s paper.108   

In Fig. 1.14, various full cells are evaluated for their discharge capacity retention, 

showcasing notable performances from the literature. Na[Ni0.60Co0.05Mn0.35]O2 synthesized using 

the concentration gradient strategy demonstrates 80% capacity retention after 300 cycles at 1C 
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(Fig. 1.14a) when paired with hard carbon negative electrode.113 Na1.94Mn[Fe0.99(CN)6]0.95⋅□0.05 

1.92H2O, synthesized through mechanochemical means with optimal composition, exhibits a 

high capacity retention of 84% after 500 cycles (Fig. 1.14b) when assembled with NaTi2(PO4)3  as 

the negative electrode.114 Additionally, carbon-coated NVPF|HC cells display superior stability, 

retaining 80% of their capacity even after cycling for 4000 cycles at 1C (Fig. 1.14c).108 

Supplementary Table S1.1-1.2 provides a summary of remarkable performances for both 

half cells and full cells for different layered oxides and PBAs. Analyzing the available literature 

data suggests that NVPF|HC cells exhibit superior cycling stability compared to full cells utilizing 

PBAs or layered oxides as positive electrode materials. This superiority is likely attributed to the 

structural stability of the NVPF polyanionic framework.  

The aforementioned results are for electrochemical performances at room temperature. 

However, high-temperature (>55°C) cycling data and discussions on the degradation mechanisms 

of Na-ion full cells are lacking in the NIB literature. Testing full cells at high temperatures leads to 

exponential degradation, rapid capacity loss, and potential cell failure.115–119 This lack of data may 

be due to the poorer stability of NIBs compared to LIBs, which commonly undergo high-

temperature testing for screening purposes and ensuring safety. Nonetheless, there have been 

few reported performances of NIB full cells at 55°C. 

In a recent study (2023), Metzger et al. improved the 40°C cyclic stability (Fig. 1.15a left) 

of NaCa0.03[Mn0.39Fe0.31Ni0.22Zn0.08]O2|HC cells with manipulating electrolyte.120 Soon et al. 

synthesized hierarchically formed columnar structured spheres of O3 type 

Na[Ni0.60Co0.05Mn0.35]O2 with a concentration gradient of Mn and Ni within the spherical 

particles113, as depicted in Fig. 1.15a right. When cycled with an HC negative electrode at 55°C 

and C/2, this material exhibited remarkable capacity retention of 83% after 100 cycles. Similarly, 

Younesi et al. developed Na1.82Fe[Fe(CN)6]⋅1.92H2O full cells (Fig. 1.15b) with an electrolyte 

containing NaBOB salt in NMP solvent121, which showed 69% capacity retention after 100 cycles 

at 55°C. Furthermore, Tarascon et al. demonstrated that NVPF|HC cells, optimized with 

appropriate electrolyte additives (Fig. 1.15c), experienced 1% capacity loss after 60 cycles at 

55°C, exhibiting superior high temperature stability.122,123  
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Fig. 1.15 | High temperature (55°C) cycling of full cells (a) Layered oxide and hard carbon full cell cycled with 

different electrolytes (left), Reproduced from Metzger et al.’s paper.120 Layered oxide synthesized with core-shell 

strategy Na[Ni0.60Co0.05Mn0.35]O2 cycled against HC negative electrode (right), Reproduced from Soon et al.’s paper.113 

(b) Prussian white compound from Altris, Na1.82Fe[Fe(CN)6]⋅1.92H2O cycled against HC negative electrode. 

Reproduced from Younesi et al.’s paper.121  (c) Carbon-coated NVPF cycled against hard carbon electrodes with 

different electrolyte formulations. Reproduced from Tarascon et al.’s paper.
122,123

 

To the best of my knowledge, at the starting of this Ph.D. thesis, the available reports on 

the long cycling of Na-ion full cells are limited, especially at high temperatures. However, the 

data available indicated that polyanionic NVPF, thanks to its structural stability, exhibits superior 

cyclic stability compared to layered oxides and PBAs. In the next session, we will compare the key 

parameters that have been discussed thus far with respect to later developed prototypes, in 

order to have an overview of this topic. 
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3.2.2.3 Choosing cell chemistry after overall comparison 

As per the specific energy comparison, the layered oxide chemistry is at the top, with the 

added advantage of the ability to fine tune the composition and structure as required. However, 

there are other key matrices that also need to be fulfilled for real-life applications, which we tried 

to compare for the three different chemistries discussed in the radar plot in Fig. 1.16. We 

considered Ni-based O3 type layered oxides, NVPF polyanionic compound, and PBAs based on 

Fe-Fe and Fe-Mn. Each class has advantages and tradeoffs. O3-type layered oxides excel in energy 

density and environmental friendliness, but they are sensitive to moisture, that creates 

difficulties in storing and handling the electrode active materials. In addition, the cycle life and 

power rate capabilities are limited compared to polyanionic compounds. On the other hand, 

PBAs are affordable, use abundant elements, and exhibit good rate capability. However, they 

pose difficulties in removing the crystalline water from the structure to prepare dehydrated 

materials with the best electrochemical performances. In addition, the thermal stability of the 

material is still debatable as recent reports claim poor thermal stability of PBAs and the formation 

of toxic gases during thermal runaway.124 Finally, NVPF demonstrates fast charging capability, 

easy handling (stable in water), and potential stability during cycling at room temperature and 

55°C. The main disadvantages of NVPF are the use of vanadium in the material and the 

comparatively lower energy density than the sodium layered oxides. 

 

Fig. 1.16 | Tentative comparison of all critical key parameters for O3 type layered oxides containing Ni, Polyanionic 

compound mainly NVPF and PBAs based on Fe-Fe/Fe-Mn system. The information has been derived from the 

references. 59,68,125 
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However, due to the favorable characteristics exhibited by NVPF, particularly its 

remarkable resistance to degradation when exposed to air and water, its notable power 

capabilities, and its stable cyclic performance, the prototype cell developments were much 

faster, and the first 18650 cells of Na-ion batteries were demonstrated by CNRS and CEA 

researchers in the year 2015.126 Following, the start-up TIAMAT has been created to bring the 

NVPF|HC technology from prototype to real-life applications. However, there were a few 

challenges, which will be discussed in Table 2.2 of Chapter 2, with respect to calendar life and 

cycling stability at room/high temperatures. The issues are associated with poor interphase 

stability, which is intrinsic to Na-ion chemistry. Considering these factors, the current thesis is 

centered on advancing the NVPF|HC chemistry to enhance both its operational lifespan and 

performance. Thanks to TIAMAT energy, the NVPF and HC electrodes used for this study are 

provided by them, and are processed on the industrial scale, reducing the number of variables 

that can change throughout the study. In addition, TIAMAT has also provided the cylindrical 

18650 dry cells to test the developed electrolyte from lab scale to industrial scale.  

In order to follow the developments made with the NVPF-HC chemistry during this period, 

it is essential to discuss the fundamental issues and challenges we had with respect to designing 

an optimized electrolyte for NVPF|HC based Na-ion batteries. Before going into that in Section 3 

of Chapter 2, the following section will discuss the fundamental properties and roles of 

electrolytes. This exploration is crucial, as a well-designed electrolyte holds the potential to 

provide superior cells. 

4. Electrode electrolyte Interphase: Key to make superior cells 

Introducing interphases in the context of the LIB domain holds crucial significance, given 

the extensive research on this topic. The subsequent section will compare interphases in both 

NIBs and LIBs. Leveraging over five decades of LIB studies, these comparisons will profoundly 

contribute to the progress of NIB technology. 

4.1 Passivation of electrodes: formation of Interphases  

For the electrolyte to exhibit thermodynamic stability, it is necessary for the sodium 

chemical potentials (µ+ and µ-) of the electrode to lie within the stability window of the 
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electrolyte, as shown in Fig. 1.5. However, commonly used electrolytes with organic liquid 

solvents are not electrochemically stable upon oxidation or reduction within the operating 

potentials of the positive and negative electrodes.80 This is illustrated in Fig. 1.17, where Eg 

represents the electrochemical stability window, which is the difference between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the 

electrolyte. 

After the cell is assembled and charged for the first time, during the initial charge cycle 

(indicated by the purple arrow in Fig. 1.17), µ- crosses the LUMO energy level of electrons, causing 

the transfer of an electron to the electrolyte and reducing it. This reduction of the electrolyte 

leads to the formation of a solid phase known as solid electrolyte interphase (SEI) on the surface 

of the negative electrode.127–129 Similarly, at a certain point during the first charge cycle (also 

indicated by the purple arrow in Fig. 1.17), µ+ reaches lower energy levels than the HOMO of the 

electrolyte. This results in the transfer of an electron from the electrolyte to the positive 

electrode, leading to the oxidation of the electrolyte and the formation of a cathode solid 

electrolyte interphase (CSEI).130–132 These terminologies of SEI (on negative electrode) and CSEI 

(on positive electrode) will be used throughout the thesis. These interphases provide kinetic 

stability by forming a barrier between the electrode and the electrolyte (marked by a yellow area 

in Fig. 1.17). However, this comes at the expense of a loss of capacity and an increase in 

impedance, as discussed in section 2.1.2 of Chapter 2. 

 

Fig. 1.17 | Energy diagram explaining the formation of SEI and CSEI. µ is the chemical potential, HOMO is the highest 

occupied molecular orbital, LUMO is the lowest unoccupied molecular orbital, and Eg is the electrochemical stability 
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window or difference between HOMO and LUMO. The purple arrow indicates the shift in sodium chemical potential 

at the end of the charge.  

To ensure the smooth functioning of the cell, the SEI (or CSEI) should have the following 

properties:80,133,134  

1. Electronically insulating: preventing further electrolyte decomposition and (C)SEI growth. 

2. Facile ion transfer: Allow easy Na+ ion transfer between electrolyte and electrode. 

3. Insolubility in electrolyte: Stable and non-soluble in the liquid electrolyte at operating 

temperatures to prevent depletion. 

4. Mechanical stability: Withstands volume changes in the electrode during cycling, 

maintaining mechanical integrity and preventing cracking. 

5. Chemical and electrochemical stability: Endures reactions with electrolyte, active 

materials, and other species, ensuring long-term stability and functionality. 

By possessing these properties, the SEI (or CSEI) enhances the overall performance, stability, and 

efficiency of the cell. The solid-electrolyte-interphase indicates the nature of the layer formed on 

electrodes, as it functions as a solid electrolyte, which is a phase between electrode and 

electrolyte. 

As SEI and CSEI is formed from the decomposition of electrolyte it is crucial to introduce 

the chemical composition of the electrolyte before discussing the components of SEI.  

4.2 Electrolyte components  

 The most commonly used electrolyte salts and solvents with their structure and 

properties are presented in Table 1.1. Ideal electrolyte salts should meet minimal 

requirements:80 (1) It should be able to dissolve and dissociate. (2) Salt anion should be stable 

against oxidative decomposition. (3) Salt anion should be inert to solvent and cell components. 

Due to impressive SEI forming abilities, high ionic conductivity, stability against Al current 

collector and safety, PF6-based salts are commonly used in practical cells.  
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Table 1.1 | Chemical components of salts and solvents used for the electrolyte. (a) Na based salts and (b) Linear 

and cyclic ester solvents and their physiochemical properties. Information is derived from Linden’s handbook of 

batteries.135  

As mentioned earlier (Fig. 1.17), for good stability, electrolyte solvents should have a high 

electrochemical stability window, and esters are considered the most suitable options. Table 1.1 

provides a summary of commonly used linear and cyclic esters. The electrolyte solvent plays a 

crucial role in solvating the Na+ ions, thereby controlling their transport and migration. To ensure 

good ionic conductivity, the electrolyte solvent should have a high dielectric constant (which aids 

in salt dissociation) and low viscosity (which facilitates Na+ transport).80 Achieving this 

combination is challenging with a single solvent, leading to the introduction of a mixture of cyclic 

carbonates (with a high dielectric constant) and linear carbonates (with low viscosity), as 
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proposed by Tarascon et al.136 in 1994. This strategy of solvent blends containing both cyclic and 

linear carbonates is still employed in current LIBs and NIBs. 

4.3 Decomposition reactions and (C)SEI components   

 With the knowledge about salts and solvents that are optimal for NIBs, now it is time to 

discuss their decomposition products. Fig. 1.18 gives a complete picture of the main 

decomposition products categorized into inorganic compounds, gases and organic compounds, 

along with their respective states of matter (solid, liquid, or gas).80,133,134,137–141 Please note that 

the state of these components is approximately established, and there will be a certain degree 

of solubility of one component within the others. The solid components highlighted in purple are 

typically found in the SEI, some of which are also present in the CSEI. Soluble species and liquids 

are indicated by the color red, while gases are labeled in blue. Text in bold within Fig. 1.18 

signifies the significant quantities of specific chemical components compared to other 

byproducts within the cell. The sodium-based compounds formed during these processes exhibit 

certain solubility in carbonate solvents. It is important to note that these decomposition products 

and SEI/CSEI have been confirmed through various analytical techniques such as FTIR, NMR, XPS, 

TEM, GC-MS, and ESI-HRMS. However, despite 50 years of research, our understanding of 

interphase formation and its functionality remains incomplete. 

To provide an overview of the degradation processes, the following text will discuss the three 

main steps: degradation of salt, reductive decomposition of the electrolyte, and oxidative 

decomposition of the electrolyte. 

1. NaPF6 (or LiPF6 in LIBs) salt is irreplaceable in NIBs due to its optimal properties. However, 

NaPF6 is chemically and thermally very sensitive. Even at room temperature, the following 

equilibrium exists:80,142 

       NaPF6(s) ⇌ NaF(s) + PF5(g)    

Generation of the gaseous product, PF5, drives the equilibrium to the right, and this process 

is favored at elevated temperatures.  
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Fig. 1.18 | Summary of major byproducts formed in-situ during parasitic reactions in a full cell. (a) Inorganic 

components. (b) Gaseous byproducts. (c) Formation of sodium ethylene dicarbonate by EC reduction. (d) Formation 

of alkoxide and (e) alkyl carbonate by reduction of linear carbonate. (f) Alkyl dicarbonate as a transesterification 

byproduct as a cross-talk reaction between linear and cyclic carbonate. (g) Oligomers formed as a chemical and 

electrochemical reaction between linear and cyclic carbonate. Note that alkoxides, alkyl carbonates, and alkyl 

dicarbonates are solid salts but exhibit solubility in the electrolyte, thus illustrated as being in a liquid phase. The 

information has been summarized from the collection of references.80,133,134,137–141,143 
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The presence of strong Lewis acid PF5 tends to initiate a series of reactions such as ring-

opening polymerization or cleavages of ester linkages80 shown below: 

          

On the other hand, P-F bond is rather labile towards hydrolysis, even trace amounts of 

moisture in non-aqueous solvents produce a series of corrosive products80,142 such as HF and 

POF3.  

NaPF6(sol.) + H2O → NaF(s) + 2HF(sol.) + POF3(sol.) 

PF5(sol.) + H2O → 2HF(sol.) + POF3(sol.) 

The corrosive HF and POF3 create cascaded reactions, which are omitted here for the sake 

of simplicity.  

2. An additional set of significant reactions occur during the reduction of cyclic carbonate (EC) 

and linear carbonate (DMC or DEC) solvents in the presence of NaPF6 at the negative 

electrode. These reactions result in the formation of the SEI and other byproducts. Fig. 1.18a-

b illustrates the inorganic compounds and gaseous products that are generated. In a mixture 

of EC-DMC, it has been observed that EC is susceptible to reduction before DMC.80,133,144 The 

reduction of EC yields sodium ethylene dicarbonate (Fig. 1.18c) and Na2CO3, both of which 

are solid components critical to the SEI.145 Furthermore, the reduction of linear carbonates 

leads to the formation of alkoxides (R-ONa) (Fig. 1.18d) and alkyl carbonates (R-O-COONa) 

(Fig. 1.18e).146 EC and DMC can undergo cross-reactions, resulting in the production of alkyl 

dicarbonates (Fig. 1.18f) through a process known as “trans-esterification.”147 This trans-

esterification product chemically reacts with the alkoxides (R-ONa), leading to the formation 

of various oligomeric species (Fig. 1.18g).139 For comparison, the evolution of our knowledge 

about SEI is summarized148 in Supplementary Fig. S1.4. It is important to note that while this 
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provides a simplified explanation of the major products, there are numerous side products 

and reactions involved.134 The mechanism of these reactions remains a highly debated topic 

in the field. Some of these parasitic reactions contribute to the degradation of cell health. 

3. Studying the chemical or electrochemical oxidation of the electrolyte on the positive 

electrode poses certain challenges. This is primarily because some of the reduced products 

formed on the negative electrode, such as alkoxides and alkyl carbonates, are prone to 

oxidation even before the pure electrolyte. For instance, Zhang et al. reported that Na2CO3, 

a residual impurity on the positive electrode material, can decompose before the electrolyte, 

generating CO2 gas.149 Similarly, Guochun et al. discovered that cycling NVPF|HC cells using 

electrolytes containing only linear carbonates (DMC, EMC, or DEC) resulted in overcharging 

in the first cycle and cell failure within five cycles due to parasitic oxidation of “sodium 

alkoxide” on positive electrode formed by the reduction of linear carbonates on negative 

eletrode146 (refer to Fig. 1.18g). This is discussed in detail in section 3 of chapter 2. In order 

to investigate the electrolyte oxidation process, Grey et al. conducted experiments where 

the LiPF6 in EC-DMC electrolyte was oxidized on a Pt electrode in an H-type cell, where the 

positive and negative electrode compartments were separated. They observed a variety of 

oxidation products, including CO2, lithium methyl carbonates, methanol, formaldehyde, 

glycolic acid, VC, FEC, and other products150 (summarized in Supplementary Fig. S1.5). 

4. The understanding of the CSEI on the positive electrode is even more limited compared to 

the SEI. Surprisingly, the CSEI layers formed on the positive electrode primarily consist of 

decomposition products of solvents and salts, which are similar to those found on the 

negative electrode.134 It has been proposed that cross-talk reactions or migration of 

byproducts from the anode contribute to this phenomenon. The CSEI primarily contains 

inorganic and organic species, with key components including NaF, NaxPOyFz, and Na2CO3, as 

well as some polycarbonates and alkyl carbonates, among others. For comparison, the 

investigation and development of the CSEI for lithium-ion batteries is summarized in 

Supplementary Fig. S1.6.148 
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4.4 Interphases of Li-ion vs. Na-ion batteries 

Even though the same carbonate ester solvents and PF6-based salts are used in LIBs and 

NIBs, the difference in the behavior is observed because of the physiochemical differences (ionic 

size, cationic solvation, reactivity, etc.) between Li+ and Na+. These differences are studied in this 

section.  

4.4.1 Solvation behavior 

Na+ has a larger radius (102 pm) than Li+ (76 pm), resulting in lower charge density and 

weaker Lewis acidity. This leads to a different coordination behavior with other atoms/molecules 

in the solution. DFT simulations show Li+ having a well-defined first solvation shell with 

coordination number ~4 in carbonate solvents, while larger Na+ exhibits more flexible solvation 

structures with coordination number ~5.7 (Fig. 1.19a-d).151 Xu et al.’s combined IR and Raman 

measurements also support similar solvation behavior.152 

 

Fig. 1.19 | Effect of solvation structure on electrolyte reduction. Scheme representing the solvation structures of 

a) Li+ and b) Na+ c) K+ derived from molecular dynamic simulations showing tetrahedral (CN=4) and trigonal 

bipyramidal/square pyramidal (CN=6) coordination for Li+ and Na+ respectively in EC solvent. d) Histograms of the 

coordination number in the first solvation shell. Cyclic voltammetry at a rate of 0.1 V/s for (e) NP30 and (f) LP30 

electrolytes, a glassy carbon disk working electrode, and a Pt counter electrode are used. The reference electrode 
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potential (Ag/Ag+) is converted to Na+/Na0 or Li+/Li0 based on the open circuit potential (OCP) measured against Na 

or Li metal. Reproduced from our review paper.153 

Due to the stronger coordination of Li+ to EC compared to Na+, the carbonyl group in EC 

of LP30 (1M LiPF6 in EC-DMC) will be more electron deficient than in NP30 (1M NaPF6 in EC-DMC). 

This makes EC more prone to electrochemical reduction in LP30 than in NP30. Sathiya et al. 

confirmed this with cyclic voltammetry (CV) of LP30 and NP30 at the same reduction potential 

vs. SHE. LP30 showed a distinct peak (Fig. 1.19f) corresponding to EC reduction, while NP30 

showed no well-defined peak (Fig. 1.19e), indicating a lesser extent of EC reduction.153 Thus, the 

SEI components will differ significantly between NP30 and its Li+ counterpart.   

4.4.2 SEI components and solubility 

The nature of the SEI in NIBs is influenced by factors other than just their different 

solvation behaviors. One such factor is the variation in the reduction potentials of Na and Li (-

2.71 V vs. SHE compared to -3.02 V vs. SHE for lithium). In carbonate solvents (EC/DEC mixture), 

most of the reduced products occur at <0.2 V vs. Li/Li+ (<-0.1 V vs. Na/Na+), which cannot happen 

in NIBs. Komaba et al. investigated the differences in SEI between Li and Na-HC cells with 

perchlorate electrolyte using X-ray photoelectron spectroscopy (XPS) and time-of-flight 

secondary ion mass spectrometry (TOF-SIMS).63 Note the multiple peaks in the TOF-SIMS results 

(Fig. 1.20) for Li-based SEI and very few peaks in Na-based SEI. SEI layer in the Na cells consisted 

mainly of inorganic compounds (NaOH, NaF, NaCl, Na2O, Na2CO3), while the SEI layer in the HC 

from the Li cell contained a mix of inorganic and various organic compounds such as alkoxide, 

alkyl carbonate, and polymers. Additionally, the SEI layer in NIBs was found to be thinner and less 

homogeneous than in LIBs. 
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Fig. 1.20 | Difference between chemical components of Na vs Li-based SEI. TOF-SIMS profiles of cycled HC 

electrodes in (a) Na and (b) Li cells in perchlorate based electrolyte. Multiple peaks corresponding to multiple SEI 

species are observed when HC is cycled in a Li-based electrolyte as opposed to Na Na-based electrolyte. Reproduced 

from Komaba et al.’s paper.63 

Supporting similar behavior, Younesi et al. studied the solubility of SEI in Na electrolytes 

and found differences compared to Li-based SEI in terms of columbic efficiency and self-discharge 

rate.154 Fig. 1.21a-b illustrates the charge-discharge capacity of HC electrodes in Li and Na cells 

after pausing for different periods. Na cells experienced a larger capacity loss than Li cells, with 

large voltage rise in Fig. 1.21c-d attributed to the pronounced SEI dissolution of Na-based SEI. 

HAXPES measurement supported the SEI thickening during the next charges. Recent solubility 

measurements (Supplementary Table S1.3) by Ma et al.155 further confirm the high solubility of 
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NaF and Na2CO3 as compared to LiF and Li2CO3. To conclude, Na-based SEI is more fragile than Li-

based SEI in terms of chemical nature and solubility. 

 

 

Fig. 1.21 | Effect of SEI solubility on electrochemical performance. a) Cycling performance of Li cells and b) Na cells 

with different pausing times during cycling. c) Comparison of Na and Li cell voltage profiles at different pausing times. 

d) Comparison of capacity loss after 100 h pausing. Reproduced from Younesi et al.’s paper.154 

4.4.3 Importance of CSEI  

As components of CSEI are similar to those of SEI, therefore based on the discussion in 

the last section, Na-based CSEI will be more soluble than Li-based CSEI. Additionally, due to the 

0.33V difference in reduction potential of Na and Li (represented in Fig. 1.22a), electrolyte facing 

Na-based positive electrode at (x)V vs. Na/Na+ will be equivalently at (x+0.33)V vs. Li/Li+.  Fig. 

1.22b shows the profile of NVPF and NVP in NIBs with the reference electrode potential of Na/Na+ 

on the left axis and equivalent converted Li/Li+ potential on the right axis. The NVPF electrode 

going to 4.35V vs. Na/Na+ (in Fig. 1.22b) is equivalently at 4.68V vs. Li/Li+. From our knowledge 

of LIBs, it is well known that electrolyte oxidation starts as low as 4V vs. Li/Li+. Thus, such high 

potential will lead to severe electrolyte oxidation80,156. Therefore, engineering a good CSEI on 

NVPF is going to be a crucial challenge, especially at high temperatures.  
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Fig. 1.22 | Sever oxidation in case of NIBs. (a) Difference of redox voltage between Na/Na+ and Li/Li+. More 

electrolyte oxidation will happen at the positive electrode with the same half cell potential in NIBs and LIBs. (b) The 

electrochemical profile of NVPF and NVP in NIBs is shown with the additional equivalent axis of Li/Li+ potentials on 

the right.  

5. Conclusions of the chapter   

 The first chapter of this study aimed to elucidate the crucial steps involved in the 

evolution of the modern-day status of NIBs, which were significantly influenced by the 

development of LIBs. Although the research on LIBs and NIBs was initiated around the same 

period, the commercial potential of NIBs was overshadowed by the lower energy density of NIB 

electrodes and the absence of a suitable negative electrode until 2000. In contrast, LIBs became 

an indispensable part of electronic devices, and their prices decreased annually until they 

reached saturation. The surge in demand for energy storage, the limited availability of lithium 

resources, the associated supply chain challenges, and the less sustainable nature of LIBs led to 

renewed interest in NIB research after 2010. 

The commercial viability of NIB technology hinges on the selection of the appropriate 

negative electrode, positive electrode, and electrolyte. The current chapter expounds upon 

several potential negative electrode materials, but it highlights the practical readiness and 

attractive features (cost, stability, energy density, etc.) of hard carbon (HC), thanks to the 

research done over the previous decades. For the positive electrode material, layered oxides, 

Prussian blue analogues (PBAs), and polyanionic compounds are three promising options. A 
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critical comparison of Layered oxides, PBAs, and polyanionic compounds is presented, showing 

the advantages and limitations of each. The NVPF|HC, with its superior rate capability, long 

cycling stability at ambient and high temperatures, and easy handling of raw materials, seems to 

be more appropriate for the first generation of NIBs than layered oxides and PBAs. After 

meticulous analysis, the NVPF|HC cell system is chosen as the central point of study for the thesis. 

Although, the previous work on electrolyte achieve high stability in coin cells, those electrolytes 

were not transferable to practical 18650 type cells. Therefore, this thesis focuses on enhancing 

high-temperature performance in practical 18650 cells, as well as improving the overall longevity 

and performance of NVPF|HC cells. 

Cell lifetime and performance can be significantly improved by electrolyte manipulation. 

Thus, the last section of this chapter discusses the properties of electrolytes and introduces the 

concept of the interphase, specifically solid electrolyte interface (SEI) on negative electrode and 

cathode solid electrolyte interface (CSEI) on positive electrode, and its enigmatic nature. 

Although NIBs use similar salts and solvents as LIBs, the interphase varies significantly due to the 

different chemical properties of Li+ and Na+ and the compounds formed from them. The high 

solubility of SEI and CSEI components produces less passivating interphases in NIBs, presenting a 

significant challenge. Hence, the strategies employed for LIBs may not necessarily translate to 

NIBs. After understanding the essentials of Na-ion cell chemistry, the next chapter will introduce 

techniques to analyze cell (or electrode, electrolyte, and interphase) degradation and then 

summarize previously done degradation studies on NVPF|HC chemistry.  
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1. Transferrable knowledge from Li-ion to Na-ion battery system for evaluating the cell 

degradation 

As explicated in the preceding Chapter, the battery functions as an electrochemical device 

employed for the storage of energy. The measure of storable energy (E) within a battery can be 

expressed as the product of its capacity (Q) and the average voltage (Vav). However, the presence 

of undesired parasitic reactions within the cell contributes to the gradual deterioration of either 

capacity, voltage, or both, leading to a decline in the overall storable energy.157 Furthermore, this 

reduction in storable energy is accompanied by a simultaneous degradation of various 

performance parameters, such as rapid charging capabilities, self-discharge rates, operability 

across diverse climatic conditions, and safety aspects.157–159 

 

Fig. 2.1 | Overview of the major degradation mechanisms in Li-ion batteries. Reproduced from Dominko et al.’s 

paper.160 

Extensive research on lithium-ion batteries (LIBs) has identified degradation modes that 

can be categorized into several categories (Fig. 2.1). These categories157–159 include active 

material degradation (e.g., particle cracking, pulverization, structural disordering, transition 

metal dissolution, oxygen evolution), electrolyte decomposition (e.g., electrolyte oxidation and 
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reduction, (electro)chemical cross-talk), interphase dissolution/growth, and other cell 

component degradation (e.g., aluminum/steel corrosion, separator contamination, 

binder/carbon black oxidation, etc.). The interconnected nature of the electrochemical cell often 

results in the degradation of one component, triggering the degradation of others. For instance, 

particle cracking induces increased electrolyte oxidation, forming a new interphase on the 

particle, while transition metal dissolution contaminates the solid-electrolyte interphase (SEI) 

and enhances electrolyte instability. Notably, certain degradations like copper (Cu) dissolution 

are not applicable to sodium-ion batteries (NIBs) as Cu is not used as an anode current collector, 

this will be discussed in detail in Chapter 6.  

The cell degradation pathways extensively studied in LIBs cannot be directly applied to 

NIBs for two reasons. Firstly, the different chemistry of Na+ leads to issues like poor SEI solubility 

and aggressive electrolyte oxidation (discussed in Chapter 1, section 4.4). Secondly, the 

dominant mode of cell degradation is highly sensitive to the system and can change when a 

component or its nature is altered. However, the most critical electrochemical methodologies 

and approaches utilized to analyze cell degradation can be learned from a vast database of LIB 

studies and effectively applied to NIBs, as summarized in Fig. 2.2. 

 

Fig. 2.2 | Workflow of different electrochemical measurements and analysis to understand cell degradation.  
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Thus, the present Chapter applies a “bottom-up” approach161, looking at how degradation 

at positive (+ve) and negative (-ve) electrodes will affect the full cell curves. Schematics are used 

throughout the Chapter to visualize the impact of degradation on the full cell profile. The 

complementary “top-down” approach161 that starts from the tracking of full cell curves and 

connects the changes there to the degradation of +ve and -ve electrodes is discussed together 

with the related examples from literature provided in Supplementary Information of Chapter 2. 

2. Cell degradation analysis toolkit  

2.1 Electrochemical analysis from the full cell  

2.1.1 Understanding cycling curves 

The most common technique to (dis)charge the battery is galvanostatic cycling with 

potential limitation (GCPL).162 In the GCPL (refer to Fig 2.3a), the constant current I is applied to 

charge a cell till the voltage V2, then the cell is discharged with negative current -I till the voltage 

limit of V1. Voltage-time response (in Fig 2.3b) full cell is measured using a galvanostat giving 

typical charge/discharge curves.  

 

Fig. 2.3 | Galvanostatic cycling of a cell. Schematic representation of (a) Current vs. time profile for a GCPL method. 

(b) Corresponding voltage vs. time response of the typical cell when the GCPL technique is applied. 

The voltage-time (Fig 2.3b) response can be converted to voltage-capacity curves (Fig 

2.4a) by linearly converting the time scale into the capacity scale (as Q = I x time). The amount 
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of capacity achieved during charge and discharge is Q2 and Q2-Q1, respectively. In reality, the 

observed full cell voltage response is the difference between positive and negative electrode 

potentials (Vfull cell = V+ - V-), as shown in Fig. 2.4b. It is important to note that, in practical 

commercial cells, we only measure the full cell curves when we cycle a cell. However, the 

following sections will discuss how we can still get information about both the +ve and -ve 

electrodes from these full cell curves. 

 

Fig. 2.4 | Understanding voltage vs. capacity curves. Schematic representation of V-Q curves. (a) Voltage vs. capacity 

of a typical full cell curve. (b) Voltage vs. capacity of full cell with the deconvolution of +ve and -ve electrode profiles.  

 

2.1.2 First cycle or formation cycle 

When the assembled cell is cycled for the first time (also known as the formation cycle), 

the interphases are formed on the electrodes. In an ideal cell (Fig. 2.5a), there will be no capacity 

loss during the first and the consequent cycles (Qcharge = Qdischarge). However, in an actual cell (Fig. 

2.5b), there is irreversible capacity loss (or Qcharge > Qdischarge) due to interphase formation and 

loss of active inventory in terms of Na-based compounds in SEI. The cycling curves for the real 

cell (Fig. 2.5b) are deconvoluted in terms of +ve and -ve electrode potentials (Fig. 2.5c). 
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Fig. 2.5 | Visualizing first cycle capacity loss in practical cells. Schematic representation of first cycle capacity loss. 

(a) Voltage vs. capacity representation of an ideal full cell for the first cycle. (b) Voltage vs. capacity representation 

of a real full cell for the first cycle. (c) Voltage vs. capacity representation of a real full cell for the first cycle with the 

deconvolution of +ve and -ve electrode profiles. Note that the battery capacity is limited by cathode capacity.  

Few reports suggest that there is an irreversible loss of Na+ (or Li) inventory for the 

positive electrode (Supplementary Fig. S2.1), which can be divided into recoverable (kinetically 

hindered) and irreversible (electrolyte decompositions) parts.163 Supplementary Fig. S2.2 shows 

that most of the capacity loss of the first cycle for well-known positive electrodes like LFP, LCO, 

LNMO, and NMC half cell is recoverable and not due to parasitic reactions.163 On the contrary, it 

is well established that the first cycle capacity loss on the negative electrode is irreversible and is 

caused by electrolyte reduction and forming SEI layer by consuming active Na+ inventory in terms 

of Na2CO3, NaF, NaOR, etc. or irreversible Na+ trapping in pores.62,164
 To summarize (see text on 

Fig. 2.5c), in a well-balanced practical cell (with N/P ratio=1.05-1.15), the irreversible capacity 

loss is mainly caused by SEI formation on the negative electrode, not by parasitic reactions on 

the positive electrode. 

2.1.3 Coulombic efficiency and capacity retention  

The irreversible capacity loss during any “single cycle” is better represented by the term 

known as coulombic efficiency (CE).165,166 CE is the ratio of charge by discharge capacity and is 

defined as  

                                                               𝐶𝐸 (%) =  
𝑄𝑛

𝑑𝑖𝑠

𝑄𝑛
𝑐ℎ × 100                                               Equation 2.1 



 
51 Chapter 2 | Introducing battery diagnosis toolbox and exploring Na3V2(PO4)2F3|HC electrochemistry. 

Where 𝑄𝑛
𝑑𝑖𝑠 and 𝑄𝑛

𝑐ℎ
 represents the discharge and charge capacity of the nth cycle, respectively.  

Another important term that tracks the capacity loss over “multiple cycles” is capacity 

retention (CR), also known as the state of health (SOH)165–167 and defined as  

                                                              𝐶𝑅 (%) =  
𝑄𝑛

𝑑𝑖𝑠

𝑄1
𝑑𝑖𝑠 × 100                                                Equation 2.2 

Where 𝑄𝑛
𝑑𝑖𝑠 and 𝑄1

𝑑𝑖𝑠
 represents the discharge capacity in the nth and 1st cycles, respectively. 

Fig. 2.6 shows CE and CR development of typical cells as a function of cycle number. The 

first cycle CE is low due to capacity loss due to SEI formation. Note that the variations of CE and 

CR can be divided into two regions. In Region-I, CE rapidly increases, and CR rapidly decreases 

due to more Na+ inventory loss required for forming stable interphases and/or electrode 

degradations (particle cracking, precursor impurities, absorbed moisture, etc.). In Region-II, the 

CR decreases at a slower rate, and CE stabilizes to a particular value. These behaviors can be 

observed throughout the literature (refer to Supplementary Fig. S2.3-S2.6). Additionally, as 

CE/CR parameter reflects Na (or Li) inventory loss, it is naturally highly sensitive to the nature of 

electrodes, electrolyte, C-rate, potential window, and the operational temperature 

(Supplementary Fig. S2.7-S2.8).165,166  

 

Fig. 2.6 | CE and CR variation in typical cells. Schematic representation of (a) Coulombic efficiency (%) vs. cycle 

number for a typical full cell. (b) Capacity retention (%) vs. cycle number for the same cell shown in (a). 
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 Intuitively, Fig 2.6 gives the impression that CE (irreversibility in a single cycle) and CR 

(capacity loss over multiple cycles) can be related. This is calculated using the conventional 

method168–170 (Equation 2.3), where n is the cycle number. 

                                                                           (
𝐶𝑅

100
) =  (

𝐶𝐸

100
)

𝑛
                                         Equation 2.3 

For example, in order to achieve 500 stable cycles with over 80% capacity retention, the 

average CE would need to exceed 99.95%, as shown in Fig. 2.7. This idea was exploited by Smith 

et al. by designing high precision charger (HPC)171,172 which measures CE on the scale of at least 

± 0.01%. These HPC measurements can predict the battery’s lifetime in weeks instead of years173 

of cycling trials (Supplementary Fig. S2.9). 

 

Fig. 2.7 | Relationship between CR and CE represented by the classic equation in the figure. 

2.1.4 Cell polarization (V) 

When the current is applied to a cell, the voltage of the cell moves away from the open-

circuit voltage (OCV) due to polarization arising from activation polarization, concentration 

polarization, and internal resistance of the cell (discussed in Supplementary Fig. S2.10).174 When 

the cell degrades, this polarizations and mainly polarization due to the internal resistance 
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changes, which can be effectively tracked by calculating average voltage from V-Q profiles. The 

average voltage is capacity-weighted175 and can be calculated by the equation below: 

                                                           𝑉𝑎𝑣 =  
1

𝑄𝑇
 ∫ 𝑉. 𝑑𝑞

𝑄𝑇

0
                                          Equation 2.4 

Where 𝑉𝑎𝑣 is the average voltage, 𝑄𝑇 is the total capacity, and the integral is the area under the 

V-Q curve of the full cell. The method is discussed systematically with a visual guide to grasp its 

importance from electrochemical curves. 

 

Fig. 2.8 | Schematic representation of internal resistance and average voltage calculations. (a) Charging curve of 

ideal cell and real cell with internal resistance. (b) Discharging curve of ideal cell and real cell with internal resistance. 

The area under the curve is highlighted (c) Method to calculate the shaded area in (a) and (b) by counting the small 

areal units. 

Fig. 2.8a shows an ideal cell with no resistance and a real cell with internal resistance R, 

causing the curve to shift upwards due to ohmic polarization of IR during charge, similarly for 

discharge in Fig. 2.8b. The area under the curve divided by the capacity is 𝑉𝑎𝑣. Capacity is 10 units 
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for both charge and discharge (refer to Fig. 2.8a). The area is calculated by the classical method 

of unit counting on graph paper, as described in Fig. 2.8c. Thus, the area of charge and discharge 

comes out to 52 and 33, respectively. Consequently,  𝑉𝑎𝑣,𝑐 and 𝑉𝑎𝑣,𝑑 comes out as 5.2 and 3.3 for 

charge and discharge, respectively. Note that the average voltage values lie in the middle of the 

voltage-capacity curve. It is worth noting that the area beneath the curve indicates energy. For 

charging, it represents the energy given by the potentiostat, while for discharging, it shows the 

energy provided by the battery. Therefore, the area trapped inside the charge-discharge curve 

gives the energy lost as heat.  

In Fig. 2.9a, when the ohmic overvoltage (or IR) is intentionally increased, as a first 

consequence, the capacity is reduced from 10 (green) to 9.1 (blue) to 8.2 (pink) because the 

voltage endpoints are reached sooner. 𝑉𝑎𝑣,𝑐 and 𝑉𝑎𝑣,𝑑 are calculated as described (in Fig. 2.8) and 

tabulated in Fig. 2.9b. Secondly, 𝑉𝑎𝑣,𝑐 increases, 𝑉𝑎𝑣,𝑑 decreases and, as a consequence, the cell 

polarization parameter (defined as 𝑉 =  𝑉𝑎𝑣,𝑐 − 𝑉𝑎𝑣,𝑑) increases from 1.9 (green) to 3.1 (blue) 

to 4.1 (pink) (Fig. 2.9b). Note that the area encapsulated inside the V-Q curve increases with an 

increase in internal resistance, indicating more energy is lost as heat, decreasing the overall 

energy efficiency of the cell.  

 

Fig. 2.9 | Illustration depicting the impact of escalating internal resistance within the cell. (a) Internal resistance is 

intentionally increased for three cells from green to blue to pink curves to understand its consequences. (b) Capacity, 

average voltages and polarization is tabulated for all three cells showing the trend in various parameters.  
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The trends in Q, 𝑉𝑎𝑣,  𝑉discussed here is observed for most of the cells in literature. 

Supplementary Fig. S2.11-13 discusses the average voltage and cell polarization development 

for different cell chemistries. Remarkably, by utilizing 𝑉 from charge-discharge curves alone 

without any additional measurements, it is possible to track the increase in cell impedance. Thus 

𝑉 analysis is used in Chapter 3 (Fig. 3.15 and Fig. 3.16), Chapter 4 (Fig. 4.6), Chapter  5 (Fig. 5.3-

5), Chapter 6 (Fig. 6.4, Fig. 6.9 and Fig. 6.11) of the main text of the thesis. However, 𝑉 cannot 

provide insight into the specific reasons behind the impedance increase, which can be better 

elucidated through techniques such as electrochemical impedance spectroscopy, as discussed in 

the subsequent section. 

2.1.5 Electrochemical impedance spectroscopy 

The importance of electrochemical impedance spectroscopy (EIS) lies in its ability to 

discriminate and provide a wealth of information for various electrical, electrochemical, and 

physical processes taking place in a real electrochemical system.176 EIS does it by using 

perturbation signals of varying frequency and is systematically explained in subsequent text.  

Fig. 2.10a illustrates the time-dependent input voltage perturbation signal, spanning from 

high to low frequency with time. The corresponding electrochemical current response is depicted 

as I vs. V in Fig. 2.10b. It is important to emphasize that EIS operates as a transfer function, thus 

requiring a linear relationship between the output current response and the input voltage 

perturbations177. Fig. 2.10b demonstrates that applying small-amplitude voltage perturbations is 

necessary to ensure this linearity. The transfer function defines the electrochemical impedance 

(Z = input v(t)/output i(t)), which is presented in the form of complex numbers in Fig. 2.10c. 

Electrochemical impedance is commonly depicted using a Nyquist plot (-Zi vs. Zr), exhibiting 

characteristic semicircular features,176,177 as depicted in Fig. 2.10d. Each feature corresponds to 

specific processes, allowing for the probing of fast processes in the high-frequency region and 

slow processes in the low-frequency region,176,177 as demonstrated in Fig. 2.10d. EIS 

measurements are fitted using equivalent circuits with a combination of resistors, capacitors, 

inductors, etc. Fitting EIS spectra with analog circuits reveals crucial information about 

resistances, capacitance, and time constants (τ) corresponding to the different cell 

processes.176,177 
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Fig. 2.10 | Basics of an EIS measurement. a) Input voltage perturbation as a function of time (b) Output current 

signal from the electrochemical system, which is carefully adjusted to linear region by using small voltage 

perturbations. (c) Mathematical treatment of the input and output signals as a transfer function or electrochemical 

impedance. (d) Nyquist plot representation of electrochemical impedance with marked high to low frequency region.  

Although EIS contains transport information related to all the processes happening in the 

cell, the signals of a few processes are often merged together176 as shown in Supplementary Fig. 

S2.14. Thus, transport properties of electrolyte, separator, and electrode have to be extracted 

from designing different types of experiments. For example, changing cell components from steel 

to aluminum to identify the position of contact impedances semicircle178 (Supplementary Fig. 

S2.15), comparing blocking vs. non-blocking electrode configuration to identify the location of 
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charge transfer semicircle178 (Supplementary Fig. S2.16), taking impedance at various 

temperatures to separate charge transfer178 (Supplementary Fig. S2.17), assembling symmetric 

cells to separate +ve and –ve electrode impedance evolution179–181 (Supplementary Fig. S2.17). 

Therefore, after correctly relating all the semicircular peaks in the Nyquist plot to cell processes, 

the evolution of the peaks over the cycling period will give crucial information about the 

degradation mode (example of LCO|graphite cell in Supplementary Fig. S2.18), which was not 

possible by calculating only cell polarization 𝑉.  

Table 2.1 outlines the influence of various degradation modes that can contribute to the 

degradation of electrical and ionic transport. EIS is a valuable tool for monitoring electronic and 

ionic transport, enabling a comprehensive investigation of the effects of these degradation 

modes on impedance and other kinetic transport properties.182 In conclusion, by careful 

simplification, EIS can be a valuable tool for analyzing basic transport properties and identifying 

the causes of cell degradation. Both of which are critical in ensuring optimal performance and 

superior cell life. Thus, EIS analysis is effectively utilized in Chapter 5, Section 2.5, and Chapter 6, 

Section 2.2.2.   

 

Table 2.1. | Different cell degradation modes and their effects will lead to deterioration of ionic and electric 

transports.   
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2.1.6 Introducing simulated positive and negative electrodes 

Until this point in the Chapter, schematic curves are used to discuss different phenomena. 

However, for better visualization of certain phenomena like mass loss, electrode slippages, 

dQ/dV, and dV/dQ analysis, the simulated electrode curves are being introduced. Fig. 2.11a 

shows the simulated half cell curves of the +ve electrode (Q =183 mAh/g) and –ve electrode (Q 

=202 mAh/g). These curves are randomly created such that when assembling full cell, with equal 

mass loading of +ve and –ve electrode active material, an N/P ratio183,184 of 1.1 is achieved. Full 

cell profile from the defined +ve and –ve electrode with equal mass loading can be visualized in 

Fig. 2.11b (Vfull cell = V+ - V-), and the final generated full cell curves are shown in Fig. 2.11c.  

 

Fig. 2.11 | Simulated +ve and –ve electrode half cells and a full cell profiles. (a) Simulated half-cell profiles of +ve 

electrode (top) and –ve electrode (bottom). (b) Visualization of full cell curve generation from the introduced half-

cell curves in (a). (c) Generated full cell profile  

Generally, most of the major degradation modes (Fig. 2.1) will lead to either mass loss of 

active material or capacity loss due to parasitic reaction166. They influence the electrode curves 

in a certain way, which can be analyzed by examining full cell data. These methods are discussed 

in the next sections. 
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2.1.7 Effect of mass loss during cycling 

During the cycling of a full cell, the electrode can lose mass due to different reasons like 

particle delamination, loss of electric contact, etc. (Fig.2.12a). The impact of mass loss is 

systematically explained in Fig.2.12b. Step 1 shows the original V-Q profiles of +ve and –ve 

electrodes and generated full cell. Note that the generated full cell profile is created using the 

equation Vfull cell = V+ - V-, applied only on the common capacity range of +ve and –ve electrodes. 

In step 2, the case of positive electrode mass loss is considered. As a consequence of mass loss 

at the positive electrode, the V-Q profile will shrink. This can be understood with a simple 

analogy. For example, if initially, all the material was giving the capacity and half of the positive 

electrode material is lost, the same cell will show half of the initial capacity. Finally, Step 3 shows 

the new electrodes and full cell profiles after mass loss and compares them to the old ones. 

Effectively, mass loss at the +ve electrode can lead to cell capacity loss without any changes in 

the -ve electrode profile.  

 

Fig. 2.12 | Apparent mass loss in electrodes. (a) Schematic explaining the apparent mass loss during the cycling of 

the electrode and its reasons. (b) Schematic representation to visualize the impact of +ve electrode mass loss on the 

full cell curve. The original curves are faint, and the ones after degradation are dark.  
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Three cases of mass loss (Fig 2.13), namely at only +ve electrode, only -ve electrode, and 

both electrodes are simulated using the predefined electrodes in Section 2.1.6. Mass loss at +ve 

electrode can lead to capacity loss (Fig 2.13a), at –ve electrode can lead to plating (Fig 2.13b 

bottom panel), and at both the electrodes can lead to capacity loss shown in Fig 2.13c. In reality, 

full cell profiles are measured by galvanostat, however, with the help of dQ/dV or dV/dQ fitting 

(discussed in the upcoming section), the +ve and –ve electrode curves are accessed, and mass 

loss can be identified.  

 

Fig. 2.13 | Effect of electrode mass loss on full cell profile. Simulations representing impact of electrode mass loss 

on full cell curves. (a) 30% mass loss of +ve electrode (b) 5% mass loss of -ve electrode (top panel) and 30% mass 

loss –ve electrode (bottom panel). (c) 30 % mass loss of both +ve and –ve electrode.  

2.1.8 Electrode slippage: Consequence of parasitic reactions 

Parasitic reactions occurring on the electrodes lead to the slipping of one of the electrodes 

relative to the other, which is known as “electrode slippage”.185–188 The reactions occurring on 

the –ve electrode consume active Na+ inventory, which leads to capacity loss. The origin of 
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slippage is explained by taking the case of SEI formation or growth (Fig. 2.14a). Virtually pause 

the cell when SOC of the electrodes lies on the vertical blue line in Step 1 of Fig. 2.14b. Imagine 

the parasitic reaction at this moment will lead to Na+ loss and consequent increase in –ve 

electrode potential (see black arrow and circle in Step 2 in Fig. 2.14b) while +ve electrode 

potential will stay the same. When the reaction is finished, to balance both electrode potentials 

on a single vertical line, the –ve electrode curve has to be shifted to the right by the same amount 

as the Na+ lost to side reactions (Step 3 in Fig. 2.14b). Finally, Step 4 in Fig. 2.14b shows the new 

curves after slippage (dark) and original curves (faint) for comparison with no change in +ve 

electrode curves. It is visually clear that the new full cell curve has less capacity than the original 

curves. 

 

Fig. 2.14 | Schematic explanation of the impact of electrolyte reduction and SEI formation/growth on electrode 

slippages. (a) Scheme showing the electrolyte reduction and slippage visualization steps mentioned in (b). (b) 

Snapshot method to visualize slippage at –ve electrode affecting the full cell curve. It is divided into several steps 

with the details mentioned in the scheme.  
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Fig. 2.15 shows slippages caused by parasitic reactions on +ve and –ve electrodes using 

simulation of the predefined electrodes (in Section 2.1.6). Electrolyte reduction leads to Na+ loss 

with –ve electrode slippage leading to capacity loss (red curve in Fig. 2.15a). Electrolyte oxidation 

can lead to +ve electrode slippage (red curve in Fig. 2.15b). When parasitic reactions occur at 

both electrodes, slippage occurs at both electrodes, leading to capacity loss (red curve in Fig. 

2.15b). Note that slippage can occur in the right or left direction on the basis of intake or loss of 

Na inventory by the electrode. After dQ/dV or dV/dQ fitting (discussed in the next section), the 

+ve and –ve electrode slippages can be accessed.  

 

Fig. 2.15 | Simulations representing the impact of parasitic reaction on full cell curves. (a) Electrolyte reduction. 

(b) Electrolyte oxidation (c) both electrolyte oxidation and reduction. 

2.1.9 Differential capacity (
𝑑𝑄

𝑑𝑉
) analysis  

Differential (or incremental) capacity is defined as the derivative of capacity with voltage 

vs. voltage (dQ/dV vs. V). Differential of a function highlights the minute changes in slope in terms 

of peaks (Fig. 2.16), these peaks can be assigned to different electrochemical processes.189 The 

simulated electrodes introduced in section 2.1.6 are used here. For half cells of +ve and –ve 

electrodes, the peak highlights the specific redox processes corresponding to phase 

transformation in the material190–194 (Fig. 2.16b). While the dQ/dV profile of full cell contains 
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overlapped redox processes of both +ve and –ve electrode as shown in the right panel of Fig. 

2.16b.  

 

Fig. 2.16 | Simulations showing the dQ/dV profiles. (a) voltage vs. capacity profiles for +ve electrode, -ve electrode 

and full cell introduced in Section 2.1.6. (b) dQ/dV vs. voltage curves for +ve electrode, -ve electrode and full cell 

shown in (a). Different peaks are marked with different symbols.  

The area under the dQ/dV vs. V curve corresponds to the capacity, thus decrease in the 

area implies capacity loss. The cell degradation using differential voltage analysis can be divided 

into two types (Fig. 2.17). In the type 1 analysis shown in Fig. 2.17a, the evolution of the peaks is 

tracked as a function of cycle number, apart from the decrease in area and increase in 

polarization, more information regarding the loss of redox peak corresponding to +ve and –ve 

electrode can be identified.190–194 This technique was introduced by Bloom et al. in 2005, who 

studied the degradation of different LIB chemistries.189 A more critical analysis is type 2, shown 

in Fig. 2.17b, where the experimental full cell curve is fitted with the half cell curves of the +ve 
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and –ve electrodes. After the fitting, V-Q profiles of +ve and –ve electrodes for the observed 

degradation are retrieved. For example, Korte et al. retrieved the slippage information from 

LiNi0.5Mn1.5O4 | Li4Ti5O12 and concluded the rapid capacity fade is caused by parasitic reactions 

and slippage of Li4Ti5O12 electrodes195 (Supplementary Fig. S2.19). Additionally, Dahn et al. fitted 

experimental LiMn2O4 |graphite curves for initial 20 cycles and identified the mass loss of 

LiMn2O4 as the main reason for capacity fade196 (Supplementary Fig. S2.20).   

 

Fig. 2.17 |Schematic representation of two types of analysis performed in the literature. (a) Type 1: Identifying the 

peaks in full cell DCA curves to the individual electrodes and tracking them with cycling. (b) Type 2:Fitting the 

experimental curve with the half cell curves of +ve and –ve electrodes and get their V-Q profile after degradation.   

In summary, DCA can provide distinct features for different redox processes, and by 

monitoring changes in these features during cycling, valuable insights into cell health can be 

obtained.197 Thus, DCA is used for analyzing NVPF|HC degradation path in Fig. 3.10 of Chapter 3. 

2.1.10 Differential voltage (
𝑑𝑉

𝑑𝑄
) analysis  

Differential voltage analysis (DVA) is defined as the derivative of voltage with capacity vs. 

capacity (dV/dQ vs. Q). This allows the features in the voltage vs. capacity data to be seen more 
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clearly185,188,189,192,198,199 as shown in Fig. 2.18. Top panel in Fig. 2.18 shows the voltage vs. 

capacity curves for simulated +ve and –ve electrode and full cell (introduced in Section 2.1.6) and 

bottom panel shows the corresponding dV/dQ vs. Q curves.  

 

Fig. 2.18 | Simulations showing the dV/dQ profiles. (a) voltage vs. capacity profiles for +ve electrode, -ve electrode 

and full cell introduced in Section 2.1.6 (b) Corresponding dV/dQ profiles on the same scale.  

To compare, DCA (dQ/dV) is more sensitive to changes in voltage (thus redox peaks) while 

DVA (dV/dQ) is more sensitive to changes in the capacity. For example, dV/dQ is more sensitive 

to mass loss and slippage as it highly affects the capacity, thus fitting of dV/dQ curve is more 

relevant (than dQ/dV) to get relevant information. The dV/dQ technique was introduced by 

bloom et al. in 2005 who defined two modes of analysis discussed before, namely mass loss and 

slippage189. As discussed before in Fig. 2.16, same two types of analysis can be done with dV/dQ. 

First type is analyzing the changes in peak and relating it to the individual electrodes. Bloom et 
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al. studied the degradation of LiNi0.8Co0.1Al0.1O2|graphite 18650 cells using dV/dQ and related the 

peaks to +ve and –ve electrodes using half-cell curves (Supplementary Fig. S2.21).200 To make 

the analysis more critical, Dahn et al. developed the dV/dQ fitting software,185 which can 

accurately identify the mass loss and slippages of +ve and –ve electrodes with the case study 

presented for LCO|graphite 18650 cell187 (Supplementary Fig. S2.22).   

To conclude, the highest value of DVA lies in the fitting and deconvolution of +ve and –ve 

electrode V-Q profiles without the use of a third electrode.185 The obtained V-Q profile of 

electrodes gives information regarding electrolyte parasitic reactions and active material loss. 

This analysis is used in Chapter 4 (Fig. 4.7 and Fig. 4.8) and Chapter 5 (Fig. 5.3 and Fig. 5.4) of the 

thesis. Evaluating both DCA (dQ/dV) and DVA (dV/dQ) will help understand the degradation 

modes of the system.  

2.1.11 Endpoint slippages  

The final critical term in the toolbox to diagnose cell health is endpoint slippages. The 

schematic in Fig. 2.19 illustrates this idea. In the V vs. (Q-Q0) plot, the slipping of the charge 

endpoint is marked by charge endpoint slippage (∆C), and the slipping of the discharge endpoint 

is marked by discharge endpoint slippage (∆D). The mathematical significance of ∆C and ∆D are 

rigorously derived by Dahn et al. using the lithium inventory model.166  

 

Fig. 2.19 | An illustration depicting the discharge endpoint slippage (∆D) and charge endpoint slippage (∆C) of a full 

cell. 
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Those conclusions from the lithium inventory model can be easily understood just by a 

simple analysis of the curve. In an ideal cell with no capacity loss, the discharge (green) curve 

should meet the charge (blue) curve at the end of discharge in Fig. 2.19. But if there is a capacity 

loss, there will be quantifiable ∆D, indicating coulombic inefficiency. Next, for a non-degrading 

cell, the discharge (green) curve and next charge (brown) curve should meet at the end of the 

charge with ∆C = 0. Note that ∆C captures how much capacity is wasted on processes (generally 

electrolyte oxidation) that do not necessarily cause capacity fade but cause more capacity to be 

measured during charge compared to discharge. In summary, with some assumptions ∆D and ∆C 

signify the coulombic inefficiency and electrolyte oxidation, respectively. The assumptions lie in 

their mathematical equations166 presented below.  

                                                        ∆𝐷= (1 − 𝐶𝐸)𝑄0                                                Equation 2.8 

                                                               and ∆𝐶=  𝑞𝑜𝑥 − 2𝑞𝑝                                                  Equation 2.9 

Where CE and Q0 represent coulombic efficiency in fraction and cell capacity, respectively. 

Moreover, qox and qp represent the average oxidation charge and charge of Li trapped in the 

electrode, respectively.  

 This method is used in literature to easily capture the electrolyte oxidation effects. 

Meunier et al. used the endpoint slippage to identify the severe electrolyte oxidation taking place 

in 5M LiFSI DMC electrolyte as compared to LP57 electrolyte for NMC811|graphite cells201,202 

(Supplementary Fig. S2.23). Dahn et al. used LFP dried at 100°C with and without VC in LFP 

graphite cells. Cell without VC showed huge charge endpoint slippage203 due to the formation of 

lithium alkoxides in the presence of trace water (Supplementary Fig. S2.24). Endpoint slippage 

analysis is used in Chapter 4 (Supplementary Fig. S4.10) and Chapter 5 (Fig. 5.3 and Fig. 5.4) of 

the thesis. 

2.2 Additional electrochemical measurement tools  

2.2.1 Three electrode cyclic voltammetry  

Cyclic voltammetry (CV) is a potentiodynamic technique where the potential of the 

working electrode (WE) is ramped with respect to the reference electrode (RE) linearly with 

time.77 This ramping of potential induces a redox process at the WE, which is balanced by a 
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corresponding redox reaction at the counter electrode (CE), resulting in a net current. The current 

passed vs. potential of WE is plotted to give cyclic voltammogram trace77,204 (Fig. 2.20). In the 

typical setup illustrated in Fig. 2.20a, the WE, CE, and RE are commonly made of glassy carbon, 

platinum mesh, and an Ag/Ag+ organic reference couple, respectively.123 The objective of these 

experiments is to investigate the reduction or oxidation of the electrolyte, leading to the 

formation of an interphase on the electrode surface, and subsequently evaluate the stability of 

the interphase or electrolyte. Cometto et al. claimed that when the glassy carbon (GC) working 

electrode is scanned at high sweeping rates, no Na ions are intercalated, indicating that only the 

redox reaction in electrolyte will occur.123 Additionally, nature of passivating film formed on GC 

was found to be similar to one formed on hard carbon in same electrolyte.123 

 

Fig. 2.20 | a) Schematic of typical three electrode CV setup used b) CVs of a 1M NaPF6 in EC-DMC (1:1 by volume) 

solution at 100 mV/s and 25°C. Sweeping toward low potentials (black) and high potential values (red). Both CVs 

correspond to the first scan after electrode polishing. The inset shows a zoom of the reduction waves at 20 mV/s. c) 

CVs of the same solution at 100 mV/s (black), 200 mV/s (red), 500 mV/s (blue), 750 mV/s (magenta), 1000 mV/s 

(green), 1500 mV/s (navy) and 2000 mV/s (violet). The inset shows the ip vs v plot for the oxidation peak at 3.2 V vs 

Na+/Na. A glassy carbon (3 mm diameter) was used as the working electrode. The figure is adapted from Cometto et 

al.’s work.123 

Fig. 2.20b shows CV traces of 1M NaPF6 in EC-DMC (1:1 by volume) electrolyte starting 

with reduction. The inset shows two reduction waves (Fig. 2.20b) followed by steep increase in 

reduction current. When the potential is reversed, several unresolved oxidation peaks emerge at 
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3.2V, 3.9V and 4.2V marked by *. They are related to the oxidation of species produced by the 

electrolyte reductive decomposition, as confirmed by the absence of intense peaks in the simple 

oxidation scan of the solvent (red trace in Fig. 2.20b). The 3.2V peak is attributed to oxidation of 

alkoxide, and linear relation (inset of Fig. 2.20c) between peak current (ip) vs. scan rate (ν) suggest 

the adsorption (or precipitation) of the oxidized species. Conversely, the peak at 4.4V followed 

linear relation for ip vs. ν1/2 indicating oxidation of unknown species that is likely diffusive.123  

 

Fig. 2.21 | Five potential cycles to produce the SEI (black) and following CV after five minutes resting (red). v = 100 

mV/s. For a) Control at 25°C, b) Control +VC at 25°C, c) Control + VC + NaODFB at 25°C, d) Control + VC + NaODFB + 

TMSPi at 25°C, and e) Control + VC + NaODFB + TMSPi at 55°C. Where control is 1M NaPF6 in EC-DMC (1:1 by volume) 

and concentration of VC is 3%, NaODFB is 0.5% and TMSPi is 1% in the electrolyte formulations. The electrode was 

polished before the experiment for all the electrolyte compositions. Figure is adapted from Cometto et al.’s work.123 

Moreover, Cometto et al. also studied the stability of the SEI formed with the electrolyte 

with or without presence of additives123 (Fig. 2.21). Specific protocol was followed which contains 

5 cycles in the low voltage region to form the SEI and passivate the electrode, subsequently the 
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GC electrode is kept at rest for 5 min before performing the 6th cycle. Note the Fig. 2.21a-c for 

control, VC and VC+NaODFB electrolyte, the sixth cycle (red curve) has a higher reduction current 

than 5th cycle (blue curve), indicating the instability of the formed passivation. Only after the 

addition of all three additives, namely VC + NaODFB + TMSPi, the 6th cycles almost overlaps 5th 

cycle (Fig 2.21d). Moreover, the same stability of the SEI formed on the GC electrode with all 

three additives is observed at 55°C (Fig 2.21e).  

In conclusion, CV with GC electrode can simplify the system by preventing the insertion 

of Na-ions and only electrochemically reacting with the electrolyte. Thus the stability of the test 

electrolyte and the interphase formed can be assessed as discussed here.205–207 The oxidative 

stability of the SEI is studied using this technique in Chapter 6 (supplementary Fig. S6.4).  

2.2.2 Symmetric cells  

Symmetric cells are assembled using two identical host materials containing different Na 

content.179,208 This is achieved by incorporating one electrode in a charged state and another in 

a discharged state, as described in Fig 2.22. For example, an NVPF symmetric cell is built by 

charging NVPF in half cell, recovering the electrode, and reassembling it with the fresh NVPF 

electrode (Fig 2.22). Similarly, an HC symmetric cell can be built, as shown in Fig. 2.22.  

 

Fig. 2.22 | Introducing and comparing half cell, full cell and symmetric cell design and properties.  
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The advantages of using a symmetric cell configuration are highlighted in the context of 

NVPF and HC symmetric cells as follows: 

1. Both electrodes operate within the same voltage range. For instance, in an NVPF 

symmetric cell, both NVPF electrodes will undergo cycling between 3V and 4.3V. 

2. Since both electrodes are the same material, there is only a single material degradation 

pathway to consider. 

3. The interphase formed on both electrodes is identical. For instance, in NVPF symmetric 

cells, the cathode solid electrolyte interphase (CSEI) is on both electrodes. 

4. The dominant mode of electrolyte degradation is unique. Either electrolyte oxidation 

based degradation in the case of NVPF symmetric cells or electrolyte reduction-based 

degradation in case of graphite symmetric cells.  

5. Finally by making symmetric cells of NVPF and HC, respectively. The material and 

electrolyte degradation routes of NMC and graphite can be systematically separated.  

The concept of symmetric cell cycling was first introduced by Dahn et al. in 2011, initially for 

graphite symmetric cells208, which was later extended to NMC symmetric cells209 to investigate 

degradation pathways. Dahn et al.'s approach, involves monitoring the degradation of individual 

electrodes within symmetric cells through dV/dQ fitting.210 This method is exemplified with 

NMC532 and graphite symmetric cells in Fig. 2.23. Fig. 2.23a demonstrates the complete cell 

charging curve (blue) and the deconvoluted curves for NMC532 (red) and graphite (yellow) 

electrodes, obtained via dV/dQ fitting, as elucidated in Section 2.1.10 of this Chapter. In Fig. 

2.23b, the discharge curve (blue) for the NMC symmetric cell post-assembly is displayed. Notably, 

dV/dQ fitting enables the extraction of deconvoluted V-Q profiles (red and yellow curves in Fig. 

2.23b) for each NMC electrode. Similarly, Fig. 2.23c portrays the charge curve of the graphite 

symmetric cell and the corresponding deconvoluted V-Q profiles for both graphite electrodes. 

These profiles can be monitored as symmetric cell cycling progresses and the cell undergoes 

degradation. Inspired by this analytical approach, an in-depth investigation of NVPF and HC 

symmetric cells is undertaken in Chapter 4, Section 2.4. 
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Fig. 2.23 | Separating two full coin cell into NMC|NMC and graphite | graphite symmetric cells. a) Full coin cell 

operates between 3 and 4.3 V. b) 1st discharge for NMC symmetric cell cycled between ± 0.76 V. d) 1st charge for 

graphite symmetric cell cycled between ± 0.61 mV. Tests were done at 40°C. Figure is adapted from Dahn et al.’s 

work.210 

Symmetric cells of positive and negative electrode materials can be cycled to separate and 

identify the dominant degradation mode as studied in the literature.208–210 Additionally, 

symmetric cells can also be used to separate the impedance contribution of positive and negative 

electrodes.178–181   

2.3 Postmortem analysis on aged cells 

The electrochemical methods and analysis previously discussed in this Chapter are essential 

in tracking the different degradation routes in the cell, but none of these analyses provide 

chemical insight into the origin of those degradations. Disassembly and so-called “postmortem 

analysis” of the recovered cell components, including anode, cathode, electrolyte, separator, 

current collector, cell casing, etc., is a must to pinpoint the reason for observed behavior in 

electrochemical analysis.  
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Fig. 2.24 | Overview of components inside a battery and physico-chemical methods for characterization after 

post-mortem analysis. The figure is adapted from Waldmann et al.’s work.211 

Postmortem analysis, depicted in Fig. 2.24, involves opening the aged electrochemical cell in 

an inert environment (Ar or N2) to recover the electrodes, electrolyte, and other components. 

These recovered electrodes can then be used to create half cells, full cells, and symmetric cells, 

providing insights into cell failure. A thorough analysis of the recovered electrodes using 

advanced characterization techniques, including surface, bulk, cross-section, and tomography 

examination, reveals information about particle cracks, changes at the particle’s surface/bulk, 

films on particles, clogging of pores, loss of adhesion, and dissolution of transition metals.119,211 

Physio-chemical analysis of the electrolyte uncovers parasitic reactions like electrolyte 

oxidation/reduction, salt decomposition, SEI dissolution, and dissolved transition metals. 

Disassembly of batteries is mandatory to collect samples for determination of aging 

mechanisms and improvement of materials, including step-by-step improvement of state-of-the-

art materials as well as the development of new material generations.212 

Until this point in the Chapter, we have examined cell degradation measurement and analysis 

techniques. To proficiently apply these methods to NVPF|HC cell chemistry, a comprehensive 

understanding of the NVPF half cell, HC half cell, and NVPF|HC full cell profiles is essential. 

Additionally, familiarity with prior degradation studies on NVPF|HC chemistry is pivotal, setting 

the groundwork for the research conducted in this thesis. Thus, the subsequent section delves 

into the specifics of NVPF|HC cell chemistry and reported degradation studies. 
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3. Chemistry and development of Na3V2(PO4)2F3 | hard carbon cells 

Before embarking on the degradation analysis studies in upcoming Chapters, it is worth 

pointing out the critical behavior and developments made in the NVPF|HC cell system. The NVPF 

and HC electrodes employed in Fig. 2.25 and throughout the thesis were provided by Tiamat. Fig. 

2.25a shows the V-Q profile of NVPF|Na half cell, indicating the reversible capacity of ~115 

mAh/g with two distinct plateaus for reversible (de)insertion of two sodium ions from the 

formula unit, respectively. Fig. 2.25b presents the HC|Na half cell with a reversible capacity of 

~270mAh/g and two distinct regions, namely sloppy and plateau regions. For full cell the NVPF 

and HC mass loading in the electrodes is balanced with an active mass of NVPF roughly twice that 

of HC (N/P ratio of 1.17). 

 

Fig. 2.25 | Behavior of NVPF and HC in half cell, full cell and three electrode cell. voltage vs. potential for a) NVPF|Na 

half cell with capacity retention as inset and b) HC|Na half cell with capacity retention as inset. c) Three electrode 
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NVPF|HC cell with Na metal as a reference electrode to visualize the capacity balancing and redox processes of NVPF 

and HC electrodes. d) Voltage vs. capacity profile for NVPF|HC full cell with capacity retention as inset.  

The first cycle of three-electrode cells with the balanced NVPF and HC electrodes is shown 

in Fig. 2.25c with measured individual potential variation of NVPF (top panel) and HC (bottom 

panel). Note that the irreversible capacity loss in the first cycle is mainly from HC since it cannot 

provide Na at the end of discharge, while NVPF can take more Na. The origin of this loss is 

primarily from the loss of Na inventory for SEI formation. Still, the contribution from other factors 

like irreversible Na trapping in HC pores, apparent extra capacity from parasitic reactions at NVPF, 

etc. cannot be neglected. Finally, Fig. 2.25d shows NVPF|HC full cell with ~105mAh/g of 

reversible capacity and mixed features (as Vcell = VNVPF – VHC) from both NVPF and HC curves 

apparent in Fig. 2.25c. 

 

Fig. 2.26 | Instabilities for linear carbonates. The first charge-discharge curves of 1M NaPF6 with DMC, EMC, DEC, 

PC, and EC electrolyte in NVP|HC (a), NVPF|HC (b), NVP|NVP (c) and NVPF|NVP (d) full cells at C/10 under room 

temperature. 
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 One of the important studies on NVPF|HC includes accessing the stability of carbonate 

solvents by Guochun et al., which is discussed here.146 Four different kinds of cells were 

assembled: NVP |HC, NVPF|HC, NVP|NVP, and NVPF|NVP, where Na3V2(PO4)3 is NVP. This was 

possible because NVP can take one more sodium (at ~1.5V vs. Na/Na+) or give away two sodium 

(at ~3.4V vs. Na/Na+). 1M NaPF6 in a single solvent, either linear carbonates DMC, EMC and DEC 

or cyclic carbonates EC and PC. Note that NVP|HC cells (Fig.2.26a) and NVPF|HC cells (Fig.2.26b) 

containing DMC, EMC, or DEC show huge overcharge during the first charge and less capacity in 

discharge than EC or PC electrolytes. Surprisingly this overcharge is not present when NVP|NVP 

(Fig.2.26c) and NVP|NVPF (Fig.2.26d) cells are cycled using linear or cyclic carbonate electrolytes. 

Thus, the observed overcharge in NVP|HC and NVPF|HC stems from the shuttling mechanism 

caused by the reduction of linear carbonates on the HC electrode and the formation of sodium 

alkyl oxides and sodium alkyl carbonates (as claimed by authors) and subsequent oxidation of 

those species on NVPF electrode giving overcharge plateau. To conclude, when used alone, linear 

carbonates are disastrous as their reduction can lead to parasitic overcharge and huge capacity 

loss.  

Year Motivation of the study Key points Limitations / missing points 
Refere

nce 

2012 
Electrolyte development: 

1M NaPF6 in EC-PC 

Comparative study of diverse electrolyte 

systems with salts (NaPF6, NaClO4, and 

NaTFSI) and solvents (EC, PC,DMC, DME, 

DEC, THF and triglyme). Different 

electrolytes’ ionic conductivity, viscosity, 

electrochemical stability, and thermal 

stability are compared. Half cells and full 

cells were cycled with different 

electrolytes. 

Storage studies for calendar life 

are missing. High-temperature 

cycling and low-temperature 

impedance are missing. 

Ponrouc

h et 

al.213 

2013 

Electrolyte development: 

1M NaPF6 or NaClO4 in 

EC:PC:DMC  

High ionic conductivity, low degree of 

ion-pairing, low viscosity. 

Stable room temperature cycling and 

70mAh/g at 5C and 

Low loading of electrodes 

(2mg/cm2). Storage studies for 

calendar life are missing. High 

temperature cycling and low 

temperature impedance are 

missing. 

Ponrouc

h et 

al.214 
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2018 
Electrolyte development: 

1M NaPF6 in Diglyme 

Stable in half-cell and full cells. Similar 

ionic conductivity with 1M  NaPF6 EC-

DMC solution. 

NVPF|NVP cell shows stable 

cycling but not NVPF|HC cell. 

Storage studies for calendar life 

are missing. High temperature 

cycling and low temperature 

impedance are missing. 

Westman 

et al.215 

2018 

Accessing electrolyte 

stability of 1M NaPF6 with 

single solvent EC,PC, DMC, 

DEC, EMC 

Successfully identified the instabilities in 

the presence of linear carbonates caused 

by the shuttling of reduced products to 

NVPF electrode causing parasitic 

overcharge. Sodium alkyl oxides and 

sodium alkyl carbonates. Year-long 

cycling data of NVPF|HC cells with 1M 

NaPF6 in EC or PC 

Storage studies for calendar life 

are missing. High temperature 

cycling and low temperature 

impedance are missing. 

Guochun 

et al.146 

2018 

Analyzing degradation: 

Using dV/dQ and high 

temperature cycling and 

storage of full cells 

dV/dQ analysis of full cell is presented. 

High temperature (40C and 55C) cycling 

of 10 cycles with 160h of storage at 100% 

SOC is presented for 1M NaPF6 in EC-

DMC, PC-DMC, PC-DEC, PC-EMC 

electrolytes 

High temperature instabilities 

and high self-discharge. Low 

temperature impedance is 

missing. 

Guochun 

et al.216 

2019 

Electrolyte development: 

1M NaPF6 in EC-PC with 

four additives namely 

0.5% NaODFB + 3% PS + 

1% SN + 3% VC 

High temperature cycling and storage is 

presented for varieties of electrolyte 

formulations. Capacity retention, 

polarization development and 

impedance is analyzed. Provided highly 

stable electrolyte at high temperature. 

Highly viscous EC-PC solvent with 

low wettability may not be 

practical in large format cells. 

Low temperature (<10°C) 

cycling/impedance is missing. 

Guochun 

et al.122 

2019 

Electrolyte development: 

1M NaPF6 in EC-DMC with 

three additives namely 0.5% 

NaODFB + 3% VC + 1% 

TMSPi 

High temperature cycling and storage is 

presented for a variety of electrolyte 

formulations. The stability of the 

interphase formed is studied with CV. An 

electrolyte with low viscosity and high-

temperature stability is formulated. 

High charge endpoint slippage 

(or increase in capacity) during 

cycling. Probable gassing issues. 

Low temperature (<10°C) 

cycling/impedance is missing. 

Cometto 

et al.123 

 

Table 2.2 | Summary of important studies on NVPF|HC full cell system.  

Table 2.2 summarizes significant advancements made in the past decade regarding the 

NVPF|HC cells. These advancements range from foundational investigations to comprehensive 

studies aimed at checking the performance characteristics of NVPF|HC cells. Notably, the 
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development of electrolytes capable of withstanding extremely high temperatures during cycling 

and storage has been achieved. Nevertheless, Table 2.2 highlights certain challenges associated 

with these electrolytes. For example, high viscosity and low temperatures issues of EC-PC based 

electrolyte (+ 4 additives) developed by Guochun et al. and high charge endpoint slippage may 

lead to oxidative gassing in the EC-DMC electrolyte (+3 additives) developed by Cometto et al. 

Furthermore, while electrolytes capable of sustaining high temperatures have been developed, 

the underlying factors contributing to their instability remain unresolved questions. The 

subsequent Chapter will delve into these issues and propose potential solutions. 

4. Conclusions of the Chapter  

This Chapter begins by unraveling different degradation pathways based on the deterioration 

of electrode material, the decomposition of electrolyte, the dissolution or growth of interphase, 

and the degradation of cell components. The meticulous study of these specific cell degradation 

details for LIBs is highlighted, though these cannot be directly inferred for NIBs due to the high 

specificity of cell chemistry, encompassing the anode, cathode, and electrolyte. However, the 

tools used to assess cell health are readily transferable from LIBs to NIBs. 

The Chapter subsequently delves into an extensive exposition of various tools used to 

monitor cell degradation. This degradation is explained as a decline in the cell’s storable energy 

(E = Q x Vav), attributable to a loss in capacity (Q) or average voltage (Vav). Several parameters 

and measurements to track these losses are examined, including capacity retention (CR) or state-

of-health (SOH), coulombic efficiency (CE), cell polarization (∆V), electrochemical impedance 

spectroscopy (EIS), mass loss, electrode slippage, dQ/dV analysis (DCA), dV/dQ analysis (DVA), 

electrode slippages, and endpoint slippages. Extensive schematic representations, simulated 

profiles, and supporting examples from the literature are provided to make the study complete. 

The Chapter introduces two specific electrochemical techniques: three-electrode cyclic 

voltammetry and symmetric cell measurements. It’s crucial to highlight that while the discussed 

analysis sheds light on the causes of cell degradation, it does not delve into the chemical origins 

of this process. To support this analysis, additional chemical and structural characterizations 

performed on postmortem components of aged cell are undoubtedly necessary.  
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The concluding section focuses on the electrochemical behavior of NVPF|HC. Prior research 

discovered that linear carbonates (DMC, DEC, and EMC) are highly unstable in NVPF|HC cells, 

surviving only a few cycles when used alone. This instability stems from the reduction of linear 

carbonates into sodium alkoxide, which oxidizes on high-voltage NVPF electrodes. This instability 

escalates at high temperatures. As a next step in the development, previously various electrolyte 

formulations have been suggested to stabilize the NVPF|HC cell at elevated temperatures, but 

they have their own limitations. Nevertheless, the inherent nature of this high temperature 

instability has not been thoroughly explored. The upcoming Chapter will center its attention on 

the inherent instabilities that emerge due to the interaction between NVPF material and the 

electrolyte at elevated temperatures. 
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1. Background and Motivation 

In this thesis, Chapter 1 discussed the Na-ion batteries with issues and challenges 

associated with different chemistries available for NIBs currently. Among the different 

chemistries in the trial, the Na3V2(PO4)2F3 (NVPF)|  hard carbon (HC) chemistry has emerged as a 

promising option for the initial commercialization of Na-ion batteries (NIBs) due to its high 

voltage, fast charging capabilities, and favorable handling and processing characteristics, 

including water/air stability. However, the challenges associated with optimizing electrolyte for 

NIBs are huge and requires various analyses based on electrochemical as well as analytical 

techniques that were discussed in Chapter 2. At this stage, it is essential to understand the root 

cause of the problems associated, in particular to NVPF|HC chemistry, in order to identify 

potential solutions and effectively enhance the cell performance and lifetime. This chapter's 

focus and research direction are motivated by several key factors, which will be discussed below. 

One of the critical aspects that warrants attention is the notable high potential plateau of 

NVPF, as illustrated in Fig. 2.25a of Chapter 2. This plateau manifests at approximately 4.20 V vs. 

Na/Na+ (or 4.53 V vs. Li/Li+ as discussed in Fig. 1.22 of chapter 1). In the realm of lithium-ion 

batteries (LIBs), it is widely acknowledged that electrolytes containing carbonate solvents begin 

to undergo oxidation at voltages as low as 4V vs. Li/Li+.150,156 Once the positive electrode potential 

surpasses this threshold in LIBs, undesired electrolyte oxidation takes place at the electrode 

surface. This detrimental process inflicts harm upon the electrode surface, cathode solid 

electrolyte interphase (CSEI), and liquid electrolyte, resulting in capacity loss and an elevation in 

impedance.131,217,218 Moreover, these detrimental parasitic reactions become significantly 

exacerbated under elevated temperatures, further shortening the overall lifespan of the cell. 

Additionally, the dissolution of transition metals (TM) from the positive electrode host has 

emerged as a significant contributor to cell deterioration in LIBs.219–221 This phenomenon affects 

well-known positive electrodes such as LiNixMnyCozO2, LiMn2O4, and even low voltage electrodes 

like LiFePO4 (with an average potential of ~3.4V vs. Li/Li+), particularly under high 

temperatures.217,221–226 The dissolution and subsequent migration of TM from the positive 

electrode, leading to deposition on the negative electrode, are recognized as one of the primary 
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causes of capacity degradation.220,222 Therefore, comprehending the interplay between parasitic 

oxidation reactions and vanadium dissolution becomes crucial in unraveling the behavior of the 

NVPF electrode. 

The current study commences by investigating the causes behind the failure of 18650-type 

NVPF|HC cells cycled at 55 °C. The analysis centers on the degradation mechanism of 18650 cells, 

with a primary focus on the NVPF material. Experimental details regarding synthesis of NVPF 

material, cell assembly, electrochemical testing, leaching procedure, ICP-MS measurements, XRD 

measurements, TEM measurements, SEM measurements, FTIR measurements, Mass 

spectroscopy measurements, NMR spectroscopy measurements are explained in Methods 

section of Supplementary information for chapter 3. 

2. Results and Discussion 

2.1 Decoding Degradation: Post-Mortem Analysis of NVPF-HC Cell 

The empty 18650 NVPF-HC cells from TIAMAT Energy were dried and subsequently filled 

with a 1M NaPF6 in EC-PC-DMC (1:1:1 by volume) electrolyte. Cell formation and cycling took 

place at a temperature of 55 °C, employing a cycling rate of C/5 (1C = 128 mAh/g). Fig. 3.1a 

illustrates the capacity retention plot, indicating that the cell retains 93% of its original capacity 

after 28 cycles. Although the cell does not exhibit a significant capacity loss, the current 

interruption device (CID) broke after approximately 10 days (28 cycles) at 55 °C. This CID failure 

is indicative of a substantial increase in internal pressure (approximately 15 bars) within the cell, 

attributed to the generation of gaseous by-products resulting from parasitic reactions with the 

electrolyte. 
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Fig. 3.1 | Electrochemical cycling of cylindrical 18650 Type NVPF|HC cell at 55 °C and postmortem analysis. (a) Plot 

of Discharge Capacity Retention for NVPF|HC Cells at 55 °C. Formation cycle data is excluded for clarity. The inset 

depicts the NVPF and HC electrodes after the CID break. (b) Solution Color and Dissolved Vanadium Content obtained 

from Washing 360 mg of Cycled NVPF Electrode with 3 mL of EC-PC-DMC. The solution exhibited a green/yellow 

color, and ICP analysis revealed 115 ppm of dissolved vanadium. (c) SEM/EDX Analysis of Recovered HC, featuring a 

SEM image (left), EDX elemental mapping of vanadium (middle), and EDX spectra (right). 

Following the CID break, the cell was opened, and individual electrodes were recovered 

for further analysis. The NVPF electrode, upon washing with EC-PC-DMC solvent, exhibited a 

release of yellow/slight green coloration into the solvent, as depicted in Fig. 3.1b. This coloration 

indicates the presence of soluble vanadium containing species on the NVPF electrode, as 

confirmed by inductively coupled plasma-mass spectroscopy (ICP-MS). Interestingly, the pristine 

NVPF electrode did not exhibit any dissolution in this solvent mixture. Moreover, SEM-EDX 

analysis revealed the presence of deposited vanadium on the surface of the recovered HC 

electrode, as shown in Fig. 3.1c. These findings unambiguously confirm the occurrence of 
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vanadium dissolution in the cycled NVPF/HC cell, with a portion of the soluble vanadium species 

migrating into the electrolyte and subsequently depositing onto the surface of the hard carbon 

negative electrode. The next session will focus on quantifying V dissolution and studying the 

various factors it depends on. 

2.2 Quantifying vanadium dissolution  

To quantify vanadium dissolution, experiments were conducted in coin cells using fresh 

NVPF and HC electrodes, along with glass fiber separators soaked in 1M NaPF6 in EC-PC-DMC 

electrolyte. Full cells were cycled to a specific state of charge (SOC) and maintained at that 

potential for 24 hours or 1 week before disassembly. Experiments were performed at 25°C and 

55°C. The aim was to measure vanadium dissolution under different cycling conditions and 

temperature regimes. 

The HC electrode, along with one separator adjacent to it, was recovered from the cells. 

These components were digested separately or together using 2% HNO3. It is worth noting that 

the separator next to the NVPF electrode was not used due to the presence of attached NVPF 

particles, which would have affected the accuracy of our measurements (refer to Supplementary 

Fig. S3.1). The resulting solutions were filtered and analyzed using ICP-MS to determine the 

vanadium content. The detected amounts are presented in Fig. 3.2a. Importantly, the sum of the 

vanadium detected from the carbon electrode (~0.1%) and separator (~0.44%) alone is nearly 

equal to the experimental value obtained (~0.6%) when both are analyzed together. Hence, for 

meaningful comparisons, we report the total amount of vanadium combined in both the HC 

electrode and separator. Using this protocol, we demonstrate in Fig. 3.2b that vanadium 

dissolution increases with the oxidation potential/SOC of the NVPF electrode, with the maximum 

dissolution observed at 100% state of charge (4.3 V). Additionally, increasing the resting period 

at a high potential (4.3V) or the cycling temperature promotes vanadium dissolution, as shown 

in Fig. 3.2c. Moreover, Fig. 3.2d illustrates that the amount of dissolved vanadium continues to 

increase with cycling, albeit at a slower rate with increasing cycle numbers. 
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Fig. 3.2 | Factors Affecting Vanadium Dissolution. The figure presents the amount of vanadium dissolved from NVPF 

detected by ICP-MS. To facilitate comparison, the measured ppm values are converted to %V, where the dissolved 

vanadium is normalized relative to the total vanadium content in the NVPF electrode used in the experiment. (a) %V 

detected from the hard carbon electrode, separator, and their combination recovered from NVPF-HC coin cells 

stored for 1 week at 4.3 V and 55 °C. (b) %V detected from the combination of hard carbon and separator recovered 

from cells cycled to different upper cutoff voltages (2.7 V, 3.7 V, and 4.3 V) and stored for 1 week at 55 °C. (c) %V 

detected from the combination of hard carbon and separator recovered from cells charged to 4.3 V and stored at 25 

°C and 55 °C for 1 day and 1 week. (d) Amount of dissolved vanadium and discharge capacity plotted against cycle 

number for NVPF|HC coin cells cycled at 25 °C. The electrolyte used in all experiments (a-d) is 1M NaPF6 in EC-PC-

DMC. (e) Amount of vanadium dissolved from charged NVPF (or Na1V2(PO4)2F3) powder leached in EC-PC-DMC with 

or without different Na-salts at 55 °C for 21 days. 
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To investigate whether vanadium dissolution is limited to NaPF6-based electrolytes, we 

conducted experiments to study the effect of different electrolyte formulations. In these 

experiments, the nature of the salt in the electrolyte was changed while keeping the solvent 

constant. The fully charged NVPF powders (to the potential of 4.3 V vs. Na/Na+) with a 

composition of Na1V2(PO4)2F3 (or Na1VPF), and the studied electrolytes were mixed together, 

sealed in Al bags, and then stored at 55 °C for 21 days (refer to Supplementary Fig. S3.2). After 

the designated period, the liquid supernatants and solid products were separated using 

centrifugation and filtration. The liquid supernatants were then analyzed using ICP-MS to 

determine their vanadium content, while the solids were analyzed by XRD analysis to identify any 

structural changes. For clarity, the charged material leached with EC-PC-DMC solvents (without 

any salt) is referred to as SL-NVPF (Solvent Leached-NVPF). The samples leached with electrolytes 

containing specific salts are denoted by the salt anion, such as PF6-NVPF (for NaPF6), TFSI-NVPF, 

ClO4-NVPF, and so on. 

The results regarding the amounts of dissolved vanadium are presented in Fig. 3.2e. As 

expected, the electrolyte containing 200 ppm of water shows the highest amount of dissolved 

vanadium. This is attributed to the hydrolysis of PF6
- in the presence of water, leading to the 

liberation of HF, which triggers significant dissolution of the active material. Similar behavior has 

been reported203,218,223,224,227 for LiFePO4, LiNixMnyCozO2 and LiMn2O4. On the other hand, other 

electrolytes also exhibit a significant but lower amount of dissolved vanadium, following the 

order: NaPF6+H2O > NaClO4 > NaBF4 > NaPF6 > solvent > NaTFSI. Interestingly, the NaTFSI-based 

electrolyte, known for its lower tendency for HF formation,228–230 shows the least amount of 

vanadium dissolution from the 'charged NVPF' material, almost negligible. This observation is 

consistent with the results obtained with NaFSI-based electrolyte as well (see Supplementary 

Figure S3.3). These findings suggest that the formation of acidic by-products resulting from 

electrolyte oxidation may contribute to the observed sequence of vanadium dissolution. 

However, it is not the sole cause, as NaClO4 and NaBF4 electrolytes, which generate fewer acidic 

species, exhibit more vanadium dissolution than NaPF6 electrolyte.224,231,232 This suggests that the 

salt anion or its oxidized by-products likely play a role in vanadium dissolution. Surprisingly, we 

also observed some vanadium dissolution when using a pure solvent mixture (EC-PC-DMC). This 
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dissolution cannot be explained by the presence of acidic impurities or oxidized salt anion 

species. It indicates a significant reactivity between the oxidized NVPF material and the carbonate 

solvent itself, resulting in vanadium losses. This further complicates the mechanism of vanadium 

dissolution in this system. 

The findings of our study reveal a substantial dissolution of vanadium from the NVPF 

material into the electrolyte, especially when the material is fully charged (Na1V2(PO4)2F3). In the 

subsequent sections, we will delve into the consequences of this dissolution on the NVPF material 

itself and the overall aging of NVPF | HC cells during cycling. 

2.3 Structural transformations of NVPF induced by parasitic reactions 

 To assess the impact of vanadium dissolution on electrochemical performance, NVPF|Na 

half cells were prepared using leached NVPF materials as positive electrodes and 1M NaPF6 in PC 

as the electrolyte. Cycling was initiated with charging, as shown in Fig. 3.3a. Additionally, the as-

charged Na1V2(PO4)2F3  material stored in an argon atmosphere without solvent/electrolyte 

treatment was included for comparison. Except for the as-charged NVPF cell (no leaching), all 

other cells exhibited a starting potential (OCV) within the low voltage plateau (<3.9 V), indicating 

sodium uptake during the leaching process with simultaneous electrolyte oxidation. This effect 

was more pronounced with NaTFSI. Notably, the solvent-treated NVPF (SL-NVPF), which did not 

have additional sodium for uptake in the EC-PC-DMC blend, also displayed some oxidation during 

the initial charge. 

In the subsequent cycle, the charge and discharge curves (Fig. 3.3b) exhibit stair-case 

profiles similar to those of NVPF, although this is less pronounced for SL-NVPF, which displays a 

profile resembling that of the oxygen-substituted NVPF phase (Supplementary Figure S3.4).106 

Moreover, except for SL-NVPF, PF6-H2O-NVPF, and TFSI-NVPF samples, the measured reversible 

capacity is significantly lower than the typical capacity of NVPF (~120 mAh/g). The reduction in 

capacity is not solely attributed to vanadium removal during leaching, as evidenced by the fact 

that the observed capacity loss (in the half cell Fig. 3.3b) does not correlate with the calculated 

capacity loss due to V dissolution (calculated from ICP measurements in Supplementary Figure 

S3.5). This indicates that NVPF undergoes decomposition, forming one electrochemically active 
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phase and one or more inactive phases responsible for the reduced capacity and electrochemical 

dead weight. 

 

Fig. 3.3 | Electrochemical Performance of Leached/Unleached Na1VPF in Na-Half Cells (a) First charging curve, 

depicting the open circuit voltage (OCV) after cell assembly and the observed charge capacity. The OCV and charge 

capacity values are specified in the figure. Leaching experiments were conducted at 55 °C for 21 days using the 

indicated electrolyte or solvents. The specific salt used is mentioned in Figure 3a, while 'S' denotes a mixture of 

solvents, namely EC-PC-DMC. (b) The second cycle, illustrating the electrochemical behavior of the Na1VPF electrode 
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in leached and unleached conditions. The abovementioned experiments involved leaching at 55 °C for 21 days using 

the electrolyte or solvents explained in Supplementary Fig. S3.2. 

Based on the open circuit voltage (OCV) of the leached samples in Fig. 3.3a, it is possible 

to hypothesize that the structure consists of a mixture of Na2V2(PO4)2F3 and Na2+xV2(PO4)2F3 

phases. To validate this hypothesis, synchrotron XRD patterns were obtained for all the leached 

samples and compared with the XRD patterns of Na1V2(PO4)2F3, Na2V2(PO4)2F3 and Na3V2(PO4)2F3, 

and the lab-scale operando XRD measurements, as depicted in Fig. 3.4a. For clarity, only the 2θ 

range of [4.6-8.5°] of leached NVPF samples is plotted (refer to Supplementary Fig. S3.6 for whole 

range), which is highly sensitive to the sodium-vacancy ordering and sodium content (x).108,233  

Interestingly, the PF6-H2O-NVPF sample exhibits a single-phase XRD pattern resembling 

Na2V2(PO4)2F3 (Fig. 3.4a). However, both patterns are slightly different from the previously 

reported XRD pattern of Na2V2(PO4)2F3 indexed in the I 4/m m m space group with a≈6.30 Å and 

c≈10.81 Å by Bianchini et al.233 Our synchrotron patterns for the PF6-H2O-NVPF sample and for 

Na2V2(PO4)2F3 cannot be indexed using this tetragonal cell, as the (2 0 0) peak splits into two 

peaks (Fig. 3.5) at 2θ ≈ 8.335°. Therefore, we proceeded with the structural resolution of this 

phase. The XRD pattern of the PF6-H2O-NVPF sample can be indexed using a body-centered 

orthorhombic unit cell with space group I m m m and lattice parameters a = 6.311646(6) Å, b = 

6.318539(6) Å, and c = 10.817618(11) Å, which represents a distortion of the tetragonal I 4/m m 

m cell. The Rietveld refinement of PF6-H2O-NVPF is presented in Fig. 3.5, and the sodium content 

was refined to 0.489(12), indicating a Na2V2(PO4)2F3 composition (refined structural parameters 

are in Supplementary Table S3.1). This phase is referred to as 'P' hereafter, and blue dotted lines 

are used to emphasize its prominent Bragg peaks in Fig. 3.4a. 
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Fig. 3.4 | X-ray Diffraction Pattern of Leached Na1VPF. (a) The synchrotron powder XRD pattern obtained from the 

recovered Na1VPF powder after the leaching treatment in the specified electrolyte at 55 °C for 21 days. For 

comparison, synchrotron patterns of pristine Na1V2(PO4)2F3, Na2V2(PO4)2F3, and Na3V2(PO4)2F3 are also presented. (b) 

Zoomed-in image (y-axis) of Fig. 3.4a, highlighting additional peaks that are not accounted for by the NVPF structure. 

These peaks are likely attributed to the decomposed products of NVPF during the leaching process. 
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Fig. 3.5 | Refined structure for PF6-H2O-NVPF. Rietveld refinement of the PF6-H2O-NVPF sample, where the 

observed, calculated, and difference patterns are denoted by red circles, black lines, and blue lines, respectively. The 

vertical tick marks represent Bragg reflections in the orthorhombic I m m m cell (refer to the text for details).  

In the BF4-, TFSI-, and PF6-NVPF samples, the 'P' phase coexists with another phase labeled 

'A'. However, in the ClO4-NVPF sample, the 'P' phase is absent, and the majority is comprised of 

the 'B' and 'C' phases. By comparing with the operando XRD of NVPF (see Fig. 3.4a bottom part), 

the 'A' and 'B' phases can be closely matched to Na~2.2V2(PO4)2F3 with slight variations in sodium 

stoichiometry, while the 'C' phase corresponds to Na~3V2(PO4)2F3 (Fig. 3.4a). The major peaks in 

all the electrolyte-leached samples can be indexed with the NVPF structure, with variations in 

sodium content. It is worth noting that attempts at Rietveld refinement for the collected XRD 

pattern of SL-NVPF were unsuccessful, as the peaks were too broad, indicating structural disorder 

resulting from the leaching process. It is important to note that this is the extractable information 

from the XRD with available data, more sophisticated techniques may shed more light on the 

nature of phases 'A', 'B', and 'C'.  

By zooming in on the XRD patterns of Fig. 3.4a (presented in Fig. 3.4b), it is observed that 

most of the leached samples, except for PF6-H2O- and TFSI-NVPF, exhibit additional peaks that 

cannot be indexed with the NVPF structure. These extra peaks likely correspond to the 

electrochemically inactive phases observed during cycling, which contribute to the dead weight 
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and reduce the observed capacity of the material, as previously mentioned. The absence of these 

extra peaks in the PF6-H2O-NVPF sample throughout the leaching process is surprising, 

considering that the presence of H2O in the presence of PF6
- typically leads to the formation of 

HF, which would provoke partial dissolution. However, the lack of these extra peaks suggests that 

the formed HF dissolves the electrochemically inactive phases, leaving only the electroactive 

NVPF material behind. This observation is further supported by the closely matching capacity of 

the PF6-H2O-NVPF sample to the expected capacity of NVPF. It is important to note that the 

leaching experiments were performed ex-situ, by placing charged NVPF powder in the electrolyte 

rather than in an electrochemical cell.  

The Na uptake reaction appears to be the only significant reaction occurring for TFSI-

NVPF, as it remains structurally unaffected with minimal capacity loss (Fig. 3.3b). In contrast, PF6-

NVPF, ClO4-NVPF, and BF4-NVPF exhibit significant capacity loss, which can be attributed to 

structural deterioration or the presence of impurity phases indicated by the extra peaks in the 

XRD patterns (Fig. 3.4b). Collectively, the XRD and cycling results indicate that all the leached 

samples undergo self-discharge through the uptake of Na ions and simultaneously oxidize the 

electrolyte. With the exception of SL-NVPF, the samples maintain the NVPF structure, with or 

without the presence of extra impurity phases resulting from NVPF decomposition during the 

leaching process. 

2.4 Microscopic analysis of NVPF leached by parasitic reactions 

To gain further insights into the competing degradation and dissolution reactions, 

transmission electron microscopy (TEM) was employed, focusing specifically on the SL-NVPF and 

PF6-NVPF samples where the XRD analysis could not identify the present phases. High-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of the SL-

NVPF crystals (see Supplementary Fig. S3.7) reveal numerous elongated pits and cracks, 

confirming the occurrence of the leaching process. Moreover, STEM-EDX maps and EDX spectra 

(Fig. 3.6a, Supplementary Fig. S3.8) indicate a core-shell structure, with a sodium-rich core 

(Na1.9(2) : V1.999(8) : P2.001(8) as quantified from integrated EDX spectra) and a shell that contains 

virtually no sodium and fluorine (Na0.4(2) : V2.00(1) : P2.00(1)). The difference between the core and 
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shell is also reflected in the electron energy-loss spectroscopy (EELS) spectra (Fig. 3.6b) of the V-

L2,3 and O-K edges. In the EELS spectra from the core area, there is a clear splitting of the V-L3 and 

V-L2 peaks, indicating the coexistence of V3+ (V-L3 at ~518.1 eV) and V5+ (V-L3 peak at ~519.6 eV). 

On the other hand, the V-L2,3 edge for the shell consists of two broad peaks centered at ~519.3 

eV and 525.9 eV, which fall between the energy losses characteristic of V4+ and V5+. Notably, the 

V cations in both the core and shell are significantly more oxidized than vanadium in the pristine 

NVPF, which exists exclusively in the +3 oxidation state (see Supplementary Fig. S3.9). 

The electron energy loss spectrum (EELS) analysis of the O-K edge provides insight into 

the chemical nature of oxygen (Fig. 3.6b). The onset of a pre-peak at ~531 eV indicates the 

presence of "free" oxide ions (O2-) that are not bonded to the PO4 group234, resulting from the 

O2p-V3d hybridization. On the other hand, the intense peak at 539.4 eV arises from mixed O2p 

and P3sp states, corresponding to O2- within the PO4 group. The strong pre-peak at 531 eV in the 

shell region suggests the presence of a significant amount of oxygen that does not belong to the 

PO4 groups. In contrast, the core region exhibits a low intensity of the pre-peak at 531 eV, in 

agreement with the Na3-xV2(PO4)2F3 formula, considering that the core spectrum includes 

contributions from the shell. Additionally, the low fluorine content in the shell further supports 

the suggestion that the chemical formula for the shell phase is Na0.4V2Oy(PO4)2Fz. The presence 

of a vanadyl bond in the SL-NVPF sample was also confirmed by NMR and IR analyses (see 

Supplementary Fig. S3.10). Therefore, the SL-NVPF sample can be viewed as consisting of a core 

that is more reduced with a higher sodium content than the expected 1Na for "charged NVPF" 

(Na1.9V2(PO4)2F3), and a surface that is more oxidized, desodiated, and enriched in oxygen, with 

a chemical composition of Na0.4V2Oy(PO4)2Fz. 
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Fig. 3.6 | Identification of Chemical Changes in Solvent-Leached SL-NVPF using TEM. (a) High-Angle Annular Dark-

Field Scanning Transmission Electron Microscopy (HAADF-STEM) image accompanied by Energy-Dispersive X-ray 

(EDX) compositional maps, highlighting the Na-depleted core (appearing red in the mixed Na/P map) of SL-NVPF. (b) 

Electron Energy Loss Spectroscopy (EELS) spectra of the shell and core regions in SL-NVPF, alongside characteristic 

spectra of vanadium oxides. 
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Fig. 3.7 | Identifying Chemical Changes in PF6-Leached NVPF using TEM. (a) HAADF-STEM image and EDX 

compositional maps of crystallites exhibiting different Na content, distinguished by the mixed Na/P map showing 

varying combinations of green and red colors. (b) HAADF-STEM image and EDX compositional maps of a crystallite 

revealing a Na-depleted shell, indicated by the red color in the mixed Na/P map. 

Moving to the more practical system containing NaPF6 salt in the solvent, the crystallites 

of the PF6-NVPF sample appear largely disintegrated, forming numerous small, shapeless 

particles (Fig. 3.7a). EDX analyses on different particles reveal the presence of at least two 

different types, exhibiting distinct sodium stoichiometry corresponding to Na1.7(3) : V2.00(2) : P2.00(2) 

and Na2.4(2) : V2.00(1) : P2.00(1) formulas (Fig. 3.7a and Supplementary Fig. S3.11a-b). Furthermore, 

a core-shell structure is observed, with the surface layer containing minimal sodium (Fig. 3.7b) 



 

 

97 Chapter 3 | Unraveling the Interplay between Electrodes and Electrolytes in Na3V2(PO4)2F3 Full Cells. 

 

and a significantly different V:P ≈ 1:2 ratio (Na0.09(2) : V1.00(2) : P2.00(1), Supplementary Fig. S3.11c), 

indicating highly depleted vanadium regions. This suggests the occurrence of non-homogeneous 

vanadium dissolution in the PF6-NVPF material. Additionally, the EELS spectra taken over the V-

depleted shell regions (Supplementary Fig. S3.12) demonstrate a predominance of the V3+ signal 

over V5+, indicating that the shell is predominantly leached. 

 

Fig. 3.8 | Schematic of Structural Degradation in SL- and PF6-NVPF. (a) Solvent-leached NVPF results in a core-shell 

type structure, where the core remains intact while a thick shell forms, consisting of oxygenated material. (b) 

Electrolyte (1M NaPF6 in EC-PC-DMC) leaching of NVPF leads to a core-shell type structure, where the shell becomes 

thin and depleted in vanadium. 

As shown in Fig. 3.8, both the SL-NVPF and PF6-NVPF samples exhibit a core-shell 

structure. The core region of the SL-NVPF sample is richer in Na compared to the starting Na1VPF 

phase. In the presence of a Na+-free solvent, the observed excess Na in the SL-NVPF core is likely 

the result of Na diffusion from the surface to the core, which is consistent with the Na-deficient 

surface/shell observed by TEM. This explains the higher oxidation state of vanadium (V4+ and V5+) 

in the surface region compared to the core region (V3+ and V5+), as well as the observed capacity 

of approximately 50 mAh/g in the first charge for SL-NVPF (Fig. 3.3a), attributed to the formation 
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of Na-rich core. It is important to note that the charge capacity for SL-NVPF is the lowest among 

the leached samples in Fig. 3.3a since the capacity is achieved from the Na+ migrated to the core.  

A surprising finding with the SL-NVPF sample is the presence of a vanadyl (V=O) bond in 

the shell of the particles. The oxygen required for this vanadyl bond formation does not originate 

from the solvent molecules, as even O-free solvents like acetonitrile show similar results 

(Supplementary Fig. S3.13). Therefore, we suspect that the NVPF material itself is involved in a 

process that involves the breaking of O-PO3 bonds, releasing phosphate anions into the solvent, 

and forming the vanadyl bond while sodium migrates from the surface to the bulk of NVPF. This 

explanation is supported by NMR studies that reveal the presence of phosphate anions in the 

recovered solvents from the leaching reaction leading to SL-NVPF. In contrast, no phosphate 

species were detected in the recovered solvents from the leaching reaction leading to PF6-NVPF 

(Supplementary Fig. S3.14). 

In summary, our observations indicate distinct leaching mechanisms depending on the 

solvent or NaPF6 electrolyte used. In the case of SL-NVPF, the leaching process is homogeneous, 

resulting in particles undergoing internal redox reactions and leaving behind a vanadyl-rich shell 

with reduced sodium content. It is important to note that in real electrochemical cells, the 

electrolyte salt is always present along with the solvent for ionic conduction. On the other hand, 

for PF6-NVPF, the leaching process is non-homogeneous and leads to the formation of vanadium-

deficient shells, which can account for the presence of inactive phases observed previously by 

XRD and during electrochemical cycling. 

2.5 Mechanism of self-discharge, electrolyte oxidation, and NVPF deterioration 

The proposed reaction scheme in Fig. 3.9 accounts for the formation of PF6-NVPF, TFSI-

NVPF, and SL-NVPF samples based on parasitic reactions occurring on its surface. A self-discharge 

phenomenon is evident in all cases from the capacity recorded during the first charge after 

recovering the materials (Fig. 3.3a). However, as explained below, the reducing agent that 

donates the required electrons for the self-discharge process differs in each case, leading to 

different reaction pathways. 
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Fig. 3.9 | The proposed mechanism illustrates the structural degradation of Na1VPF in NaPF6, NaTFSI, and pure 

carbonate solvent. (a) In the case of NaPF6-based electrolyte, simultaneous oxidation of DMC (dimethyl carbonate) 

and Na+ insertion in Na1VPF occur, resulting in the formation of HF. The generated HF attacks the surface of Na1VPF 

particles, leading to structural degradation. (b) In the case of NaTFSI-based electrolyte, Na+ insertion in Na1VPF 

particles occurs along with the oxidation of TFSI- anion. This oxidation process leads to the decomposition of the TFSI 

anion. (c) In the case of the interaction between Na1VPF and the carbonate solvent, internal phase separation takes 

place within Na1VPF particles. Simultaneously, the solvent undergoes oxidation, represented here by the oxidation 

of DMC as an example. In reality, other carbonate solvents like EC (ethylene carbonate) and PC (propylene 

carbonate) could also undergo similar oxidation pathways. 

In the presence of NaPF6 electrolyte (Fig. 3.9a), Na+ cations are inserted into Na1VPF, 

while the carbonate solvent (EC/PC/DMC) undergoes oxidation.213,235–237 This oxidation is 

facilitated by the interaction with PF6
- anions80, leading to the formation of PF5 and HF. The 

presence of HF is responsible for the observed vanadium dissolution, as confirmed by 19F-NMR 
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analysis (Supplementary Fig. S3.15). Additionally, the dehydrogenated solvent can form an 

organic radical that subsequently decomposes into formaldehyde, CO2, and a methyl radical. This 

methyl radical can react with other electrolyte components, as supported by mass spectrometry 

analysis (Supplementary Fig. S3.16 and Table S3.2). 

A different scenario arises with the NaTFSI electrolyte, where the TFSI- anions undergo 

oxidation along with the solvent80, without the formation of HF. This absence of HF formation is 

confirmed by NMR analysis (Supplementary Fig. S3.17), explaining the minimal observed 

vanadium dissolution. The radical formed from the oxidation of TFSI- is stabilized due to the high 

charge delocalization of the anion, although it may eventually decompose or polymerize, with or 

without the evolution of gaseous by-products. The lack of HF release in this anion decomposition 

accounts for the negligible V-dissolution observed. However, it should be noted that the charged 

NVPF in this electrolyte still exhibits significant self-discharge, which is associated with electrolyte 

oxidation. This issue needs to be addressed before utilizing NaTFSI-based electrolytes for Na-ion 

cells. 

The SL-NVPF sample exhibits more pronounced structural changes, characterized by the 

reduction of the core of the particles by acting as a reductant (as observed in EELS data, Fig. 3.6b). 

This redox process affects the homogeneous distribution of V3+-V5+ bi-octahedra in the Na1VPF 

material, with the core evolving towards V3+-V4+ (which eventually disproportionate back to V3+-

V5+), while the surface changes to V4+-V5+. Since V4+ is not stable in this coordination environment, 

the ligands must reorganize, resulting in the dissolution of either PO3
- groups (confirmed by 31P 

NMR analysis of the collected leached solvent shown in Supplementary Fig. S3.14) or F-, along 

with a small amount of vanadium. These findings support the proposed reaction scheme (Fig. 

3.9c) to explain the formation of vanadyl bonds (V=O) in the SL-NVPF material. Further detailed 

investigation through operando measurements using sophisticated techniques is required to 

elucidate the complete reaction mechanism. 

Up to this point, the deterioration of NVPF particles has been studied by ex-situ and post 

mortem analyses. In the next section, we try to correlate the findings with the observed changes 
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in electrochemical performances of NVPF|HC cells during cycling. Starting with dQ/dV analysis 

discussed in Chapter 2 is used to understand the NVPF|HC cell degradation mechanism.  

2.6 Impact of dissolved vanadium on the degradation of NVPF-HC cells. 

2.6.1 dQ/dV fingerprint and Δ(dQ/dV) analysis 

 The dQ/dV plot of the 18650 cell cycled at 55°C (from Fig. 3.1), is visually represented in 

Fig. 3.10a-b. The evolution of the curve is highlighted by arrow and denoted with roman numerals 

from ‘I to V’ to signify the occurring processes. Notably, observable changes include peak shifts, 

peak attenuation, and the emergence of new peaks. For better visualization of NVPF|HC full cell 

peaks, dQ/dV for half cells of NVPF and HC are presented in Supplementary Fig. S3.18. 

To visualize the changes clearly Δ(dQ/dV) for few cycles is introduced238 for the charge 

(Fig. 3.10c-d) and discharge (Fig. 3.10e-f) separately and defined as: 

Δ(
𝑑𝑄

𝑑𝑉
)

𝑛
 = (

𝑑𝑄

𝑑𝑉
)

𝑛
 - (

𝑑𝑄

𝑑𝑉
)

2
 

Where (dQ/dV)n and (dQ/dV)2 is for nth and 2nd cycle, respectively. Following is the summary of 

the processes happening analyzed with Δ(dQ/dV): 

1. Except process ‘I’, all the processes occurring in the charge has corresponding processes 

in the discharge in the mirror image fashion marked by the roman numbers (Fig. 3.10c-f) 

indicating their reversibility.  

2. Note and compare the evolution of Δ(dQ/dV) peaks in charge vs. discharge. As cycling 

proceeds (Fig. 3.10c-f), hysteresis for processes ‘II’ decreases but it increases for process 

‘III’ and ‘IV’.  

3. The peaks corresponding to ‘II, III and IV’ have sharper peaks in charge and broader peaks 

in the discharge.  
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Fig. 3.10 | dQ/dV and Δ(dQ/dV) analysis for ageing of 18650 type NVPF-HC cell. (a) and (b) dQ/dV profile for 

selected cycles of 18650 cell. (c) and (d) Δ(dQ/dV) profile for selected charging curves. (e) and (f) Δ(dQ/dV) profile 

for selected discharging curves.   

In order to delve deeper into these processes and understand their origins, a simple 

formulation is presented in Fig. 3.11. For simplicity, the discussion focuses on the dQ/dV 

corresponding to charge curves, which can also be extended to discharge curves. Changes in the 

dQ/dV curve can be visualized as variations in peak intensity or shifts of peaks, or a combination 

of both. Fig. 3.11a illustrates the peak attenuation in dQ/dV, resulting in a negative increase in 

peak intensity for Δ(dQ/dV). This attenuation can occur if there is an apparent mass loss from the 
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electrodes (refer to Fig. 2.12 of Chapter 2). Conversely, if a new peak emerges at a specific 

voltage, it will exhibit a positive Δ(dQ/dV) as in the case of peak ‘IV’ in Fig. 3.10c. The simulation 

in Fig. 3.11b demonstrates how a shift in the dQ/dV peak leads to a bimodal curve in Δ(dQ/dV). 

A rightward shift produces a down-up type bimodal curve (as shown in Fig. 3.11b), while a 

leftward shift results in an up-down bimodal curve. Peak shifts can be caused by factors such as 

slippage, material transformation, or polarization, as discussed earlier in Chapter 2. Polarization, 

specifically, shifts the entire dQ/dV profile to the right (as depicted in Fig. 3.11c), leading to the 

formation of repetitive down-up type bimodal curves in Δ(dQ/dV). 

 

Fig. 3.11 | Simulated profile to formalize Δ(dQ/dV). (a) Effect of peak attenuation on Δ(dQ/dV). (b) Effect of 

rightward peak shift by 0.05V on Δ(dQ/dV). (c) Effect of cell polarization by 0.05V on Δ(dQ/dV).  

Upon revisiting and analyzing the processes depicted in Fig. 3.10, it becomes apparent 

that the bimodal peaks observed in Fig. 3.10c-d do not exhibit the repetitive down-up pattern, 

indicating the absence of significant polarization effects on the dQ/dV curve. Process 'I' may be 

attributed to apparent mass loss, while processes 'II' and 'III' could result from a leftward shift of 
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the dQ/dV peak due to slippage. Process 'IV' represents a completely new process, and processes 

'V' could arise from a rightward shift of the dQ/dV peak due to slippage. However, further analysis 

is required to confirm the hypothesis regarding processes 'II', 'III', and 'V' and the influence of 

slippage. To investigate further, Fig. 3.12 presents simulated results illustrating the impact of HC 

slippage on the dQ/dV and Δ(dQ/dV) profiles of the full cell. In the event that the HC curve slips 

to the right (Fig. 3.12a) as a consequence of parasitic reactions, it predominantly affects 

processes 'I', 'III', and 'V' in the dQ/dV curve (Fig. 3.12b), which is clearly evident from the 

corresponding Δ(dQ/dV) profiles (Fig. 3.12c-d). 

 

Fig. 3.12 | Effect of HC slippage on dQ/dV and Δ(dQ/dV). (a)Leftwards slippage of HC relative to the NVPF, the 

dotted lines are presented to show the common area between NVPF and HC curves. (b) Effect of the HC slippage 

shown in (a) on the dQ/dV profile of full cell. (c) and (d) Δ(dQ/dV) due to only HC slippage. 

Following is the conclusion after analyzing all the Δ(dQ/dV) peaks using mass loss and slippage: 

1. Processes or peaks at I, III and V are attributed to parasitic reactions leading to HC 

slippage. 
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2. Peaks II (~3.4V) and IV (~3.9V) appear to be completely new reversible redox processes 

occurring within the electrodes. These peaks indicate structural modifications or 

transformations taking place during the operation of the cell. 

3. Slight mass loss of NVPF (processes ‘I’) and leftwards slippage of HC relative to NVPF 

(processes ‘I, III and V’) due to electrolyte reduction is primary cause for the capacity loss.   

The emergence of new reversible redox peaks at 3.4V and 3.9V serves as an indication of 

structural modifications occurring in the NVPF electrode. These peaks act as unique fingerprints 

and can be utilized effectively to monitor the health of the NVPF electrode, particularly in 

response to parasitic electrolyte attack at high temperatures, which leads to vanadium 

dissolution and structural/surface alterations. The upcoming section delves further into the 

destabilization of the electrolyte and provides more information about distinctive fingerprint 

peaks. 

2.6.2 Electrolyte destabilization    

To assess the reactivity of the V-containing electrolyte, two experiments were conducted 

as depicted in Fig. 3.13. Three-electrode cyclic voltammetry (CV), explained in Fig. 2.20 and Fig. 

2.21 of Chapter 2, was performed. In Fig. 3.13a, the aged 18650 cell, following a current interrupt 

device (CID) break as shown in Fig. 3.1, was meticulously recovered, washed with EC-PC-DMC, 

and filtered. This process yielded a green solution containing soluble V species derived from the 

NVPF electrode. Subsequently, 1M NaPF6 was added to this green solvent blend, creating the V-

containing electrolyte referred to as the "green electrolyte." The CV results displayed visible 

peaks around ~3.4V and ~3.9V. Notably, new reversible peaks named 'II' (at 3.4V) and 'IV' (at 

3.9V) appeared in the dQ/dV profile of NVPF|HC full cell (Fig. 3.10), confirming that these peaks 

were caused by the formation of a new phase on the NVPF surface or partial dissolution of this 

phase in the electrolyte. As this phase exhibited partial solubility in the EC-PC-DMC, thereby 

exhibiting similar redox behavior in the electrolyte. Furthermore, it was observed that the 

NVPF|HC cell exhibited a faster rate of degradation when the green electrolyte was used 

compared to the pristine electrolyte (Supplementary Figure S3.19). 
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Fig. 3.13 | Electrolyte destabilization due to dissolved V and electrolyte oxidation. (a)Process of getting V 

containing green electrolyte and its three electrode CV. (b) Aging of NaPF6 electrolyte in contact with charged Na1VPF 

at 55°C and its three electrode CV.  

In contrast, charged Na1VPF underwent leaching with 1M NaPF6 in EC-PC-DMC (Fig. 3.13b) 

at 55°C for 21 days. During this process, both the solvent and/or salt were oxidized and 

decomposed, in addition to V dissolution. The resulting aged electrolyte is referred to as the "PF6-

aged electrolyte." The CV of the PF6-aged electrolyte (Fig. 3.13b)  revealed a peak at around 

~3.9V, which could be from dissolved V as Fig. 3.13a or from the presence of oxide (or sodium 

methoxide) as observed by Cometto et al. Furthermore, the nature of vanadium present in the 
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NaPF6 based electrolyte after the leaching process was analyzed. The resulting PF6-aged 

electrolyte, as shown in the 51V-liquid NMR result in Supplementary Fig. S3.20, exhibited the 

absence of an NMR signal. This suggests that vanadium is present in either the +2, +3, or +4 

oxidation states within the PF6-aged electrolyte. Additionally, when the PF6-aged electrolyte 

cathodically reduced on glassy carbon, it gave a distinctive peak with a high reduction current at 

~1.6V (Supplementary Fig. S3.21), showing high redox activity of V containing electrolyte.  

Comparing the current values of cyclic voltammograms (CVs) at room temperature for 

the green electrolyte and the PF6-aged electrolyte reveals their potential electrochemical activity, 

which will be even more enhanced at high temperatures. These electrolytes can act as redox 

shuttles on both the NVPF and HC electrodes, which operate at different potentials (between 3-

4.3V and 2-0.0V vs. Na+/Na0, respectively) in the NVFP|HC full cell. This kind of redox shuttle 

activity can result in self-discharge and rapid cell degradation, as described elsewhere. Moreover, 

the vanadium-based species present in the electrolyte have the potential to deposit on the HC 

electrode, leading to electrode poisoning. This, in turn, can cause the dissolution and growth of 

interphases (such as SEI and CEI), resulting in increased impedance, pore-clogging, and other 

detrimental effects. It is worth noting that acidic impurities (such as HF, HPO2F2, etc.) formed 

during the oxidation of the electrolyte, as mentioned in previous reports,80,142,239,240 can also 

contribute to the dissolution and formation of interphases (SEI, CEI). This not only leads to a loss 

of Na-inventory but also increases the overall cell impedance. Thus, the impact of V dissolution 

on both the electrodes is analyzed in the subsequent section. 

2.6.3 Electrode degradations    

NVPF and HC electrodes were recovered from the aged 18650 cells (shown in Fig. 3.1), 

washed with DMC, and assembled into half cells after drying (Supplementary Fig. S3.22). NVPF 

and HC show a loss of capacity and an increase in polarization from the degradation of the 

material. To identify the limited electrode causing the capacity loss among NVPF and HC, full cells 

with a combination of pristine and aged electrodes were assembled and cycled at 55°C (shown 

in Fig. 3.15). Pristine NVPF|Aged HC showed rapid capacity loss as compared to Aged 
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NVPF|Pristine HC indicating that the capacity loss is mainly due to degradation of HC and SEI 

poisoning from vanadium during the aging.  

 

Fig. 3.14 | Identification of limited electrode in between NVPF and HC due to V dissolution and cell aging. Process 

of making full cell with a combination of Aged NVPF|Fesh HC and Fresh NVPF|Aged HC and their cyclic stability at 

55°C.  

After understanding the mechanism of vanadium dissolution and its impact on cell 

electrochemistry, mainly the formation of new redox processes with the fingerprint at ~3.4V and 

3.9V, redox shuttle formation, and poisoning of the hard carbon electrode, a few strategies could 

be introduced to alleviate this issues. The next session discusses two of the strategies that will 

suppress V dissolution, thus improving the cell performance.  

2.7 Partially suppressing V dissolution    

2.7.1 NaTFSI based electrolytes  

In our first strategy, we investigated the use of NaTFSI as the electrolyte salt to prevent 

V-dissolution into the electrolyte. However, NaTFSI alone corrodes the Al current collector at high 

potentials (above ~4V vs. Li/Li+),241 so a mixture of NaPF6 and NaTFSI was used. Comparative 

analysis (Fig. 3.15a) between 1M NaPF6 and 0.7M NaPF6 - 0.3M NaTFSI electrolytes in a 1:1:2 

mixture of EC-PC-DMC at 55°C revealed similar capacity loss during self-discharge (Fig. 3.15b). 

However, the subsequent cycle showed higher capacity recovery and retention, as well as fewer 
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changes in cell polarization, with the NaTFSI-containing electrolyte (Fig. 3.15a and 3.15c). ICP 

analysis of the electrodes and separator after 850 hours of cycling (Fig. 3.15d) indicated lower 

vanadium dissolution (2.17%) for the NaPF6:NaTFSI mixed electrolyte compared to the 1M NaPF6 

electrolyte (5.45%). Although self-discharge loss of 25% was still observed in both cells, further 

measures are being explored to address electrolyte oxidation. These findings show promising 

results, highlighting the potential of using NaTFSI-containing electrolytes with improved 

performance and reduced V-dissolution. 

 

Fig. 3.15 | Impact of NaTFSI on the protection of the NVPF surface. NVPF-HC coin cells were cycled at a C/5 rate 

and 55 °C, using either 1M NaPF6 or 0.7M NaPF6-0.3M NaTFSI in EC-PC-DMC (1:1:2) as the electrolyte. The figure 

presents the following information: (a) Discharge capacity retention. (b) Self-discharge (Q9/Q10) and recovery 

(Q11/Q10) processes during the storage period. (c) Polarization evolution in terms of ΔV, which is the average charge 

voltage minus the average discharge voltage. (d) The amount of vanadium in the coin cells after 100 cycles, was 

measured using ICP-MS. 
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2.7.2 Efficient carbon coating of NVPF 

 The second strategy involved exploring the coating of NVPF particles, and two batches of 

NVPF with different amounts of carbon coating were prepared as confirmed by TGA analyses (Fig. 

3.16a). Batch 1 exhibited a carbon content of approximately 7%, while Batch 2 had a carbon 

content of around 3%. EDX mapping indicated a more uniform carbon coating for Batch 1 

(Supplementary Fig. S3.23). To evaluate vanadium dissolution, both batches were tested in coin 

cells with 1M NaPF6 in EC-PC-DMC as the electrolyte. The cells were stored at 100% state of 

charge (SOC) for one week at 55 °C. The results (Fig. 3.16b) revealed a higher level of vanadium 

dissolution for Batch 2, which had a lower amount of coated carbon.  

 

Fig. 3.16 | Effect of carbon coating on vanadium dissolution and cell electrochemistry. The figure includes the 

following details: (a) TGA analysis comparing the amount of carbon coating in Batch-1 and Batch-2. (b) The amount 

of vanadium dissolved from NVPF for 7% and 3% carbon-coated NVPF when NVPF-HC cells were stored at 55 °C for 

1 week. (c) Discharge capacity retention of 7% and 3% carbon-coated NVPF in NVPF-HC full cell mode at 55 °C with 

a C/5 rate. (d) Corresponding cell polarization represented in terms of ΔV, which is calculated as the average charge 

voltage minus the average discharge voltage.  
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In addition, coin cells utilizing both batches as the positive electrode, along with 1M NaPF6 

in EC-PC-DMC electrolyte, were cycled at 55 °C. The capacity retention (Fig. 3.16c) and 

polarization evolution (Fig. 3.16d) during cycling demonstrated that NVPF with a higher carbon 

coating (7%) exhibited less self-discharge loss during rest periods (1 week) and lower polarization 

after the self-discharge process, compared to NVPF with only 3% carbon coating. Overall, these 

results confirm the positive impact of carbon coating in reducing vanadium dissolution during 

rest periods at 100% SOC.  

In summary, the carbon coating and electrolyte optimization on NVPF demonstrates 

positive effects in reducing reactivity at the NVPF electrolyte interface. However, an increase in 

carbon content, leading to thicker coating, has a negative impact on the specific energy and 

potentially the power rate capability of the material. Therefore, it is essential to carefully tune 

the surface coating, choose the electrolyte formulation wisely, and establish an optimized 

formation cycle to minimize V-dissolution to achieve high performance in NVPF|HC Na-ion cells 

at an industrial level. 

3. Conclusions of the chapter 

Transition metal dissolution presents a significant challenge in various battery technologies, 

including well-established LIBs. This study unveils that the dissolution of 3d metals poses an 

equally significant issue in NIBs, especially for the NVPF|HC chemistry, as the redox potential of 

NVPF (~4.2 V vs. Na/Na+) surpasses the thermodynamic stability of conventional electrolytes. The 

extent of V dissolution was found to be influenced by several factors, including the formulation 

of the electrolyte. Different electrolyte salts exhibited varying effects on the degradation of 

NVPF. Interestingly, when charged NVPF interacts with the bare solvent, and Na and F deficient 

and oxygen-rich shell is formed, characterized by vanadyl (V=O) bonds, surrounding a core 

resembling NVPF. During this process, Na+ ions migrate from the shell to the core. In practical 

NaPF6-based electrolytes, a different kind of core-shell type degradation mechanism occurs, with 

the shell containing almost no sodium and half the vanadium content of the original NVPF 

formula, while the core retains its structural integrity. 
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During the aging of the NVPF|HC cell, in addition to NVPF mass loss and HC slippage, 

distinctive fingerprint peaks emerge at around ~3.4V and ~3.9V vs. Na/Na+. These peaks indicate 

surface transformations of NVPF and the formation of a secondary phase resulting from parasitic 

electrolyte oxidation and vanadium dissolution. This phase exhibits partial solubility and 

demonstrates redox activity in the electrolyte. Furthermore, the aged NaPF6 electrolyte 

containing dissolved vanadium exhibits high redox activity in both oxidation and reduction 

processes. Consequently, the aged electrolyte, with the presence of vanadium, forms redox 

shuttles within the cell. These shuttles can contribute to self-discharge, capacity fade, and 

increased cell polarization. Finally, the degraded electrodes were analyzed to determine the 

primary source of capacity loss. By combining degraded electrodes against fresh electrodes in full 

cell, it was identified that HC is most impacted by the V dissolution which was also realized as HC 

slippage from Δ(dQ/dV) analysis. 

Finally, efforts were made to prevent V-dissolution in NVPF|HC cells. Firstly, it was 

demonstrated that a NaTFSI-based electrolyte prevents this process, although it undergoes 

oxidation at high potentials. Secondly, it was shown that coating NVPF particles with carbon 

provide an attractive approach to reduce vanadium dissolution and protect the cell's surfaces. 

Both the approaches lead to better cell lifetime at elevated temperatures. Overall, the study 

highlights the importance of optimizing the synergy between electrode and electrolyte to achieve 

optimal performance in NVPF/HC Na-ion cells. From a fundamental perspective, this study offers 

valuable insights into the mechanisms of transition metal dissolution, its relationship with 

different salts, and the role of dissolved transition metals in altering the electrochemical 

performance of the cell.  

The chapter commenced with cycling aging of an 18650 type NVPF|HC cell at 55°C, utilizing 

a 1M NaPF6 in EC-PC-DMC blend. The cell underwent 28 cycles before experiencing a current 

interrupt device failure caused by significant pressure build-up inside the cell. This pressure was 

a result of gas generation during the parasitic reaction of the electrolyte, primarily stemming 

from electrolyte oxidation. Addressing this issue and achieving a stabilized electrolyte and 

interphase will be the focus of the next chapter, aiming to enable realistic utilization of the 

NVPF|HC cell chemistry. 



 

" This Chapter is based on the following research article that I co-authored : Desai, P., Huang, J., Hijazi, H., 
Zhang, L., Mariyappan, S., and Tarascon, J. (2021). Deciphering Interfacial Reactions via Optical Sensing to 
Tune the Interphase Chemistry for Optimized Na‐Ion Electrolyte Formulation. Adv. Energy Mater., 
2101490. 10.1002/aenm.202101490. 
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1. Background and Motivation 

As discussed in the previous Chapter, the use of the control electrolyte, namely 1M NaPF6 in 

EC-PC-DMC, leads to a significant pressure buildup and breakage of the current interrupt device 

in commercial 18650 type Na3V2(PO4)2F3 (NVPF) | hard carbon (HC)  cells when cycled at 55°C 

(Fig. 3.1 in Chapter 3). First, it leads to poor cycling performance of the NVPF- HC cells at high 

temperatures. Further, irrespective of the origin of such gassing, the LIB literature often report, 

the general gas composition found primarily includes H2, CO, CO2, and hydrocarbons (Refer to 

Supplementary Fig. 4.1).141 This gas mixture is flammable, and in cases of significant pressure 

buildup, it can cause a rupture in the cell casing, leading to various safety-related accidents.242,243 

Therefore, it is crucial to understand the source of gas generation and take measures to prevent 

it.  

The gases formed in the battery are byproducts of parasitic reactions triggered by electrolyte 

decompositions on desodiated NVPF (high potential) and sodiated HC (low potential) when the 

full cell is at a high state of charge (SOC). These reactions involve the oxidation and reduction of 

the electrolyte, leading to the release of different gases, as studied by Zhang et al. for various Na-

ion chemistries.149 Guochun et al. previously found that cross-talk reactions, primarily the 

reduction of linear carbonates to form sodium alkoxide (R-ONa) and sodium alkyl carbonates (R-

O-CO-ONa), and their subsequent oxidation on NVPF lead to overcharge146 when only linear 

carbonate solvent is used (Fig. 2.26b of Chapter 2). Further studies by Cometto et al. using three-

electrode cyclic voltammetry (CV) experiments revealed that reduced byproducts in CV create 

species that are susceptible to oxidation123 (Fig. 2.20b of Chapter 2). 

These electrolyte redox instabilities and parasitic currents can be further promoted from the 

presence of dissolved vanadium, as discussed in the previous Chapter. Thus, the parasitic 

currents causing electrolyte degradation and capacity loss are responsible for the gassing.149,232 

Fig. 4.1 illustrates the rapid capacity fade observed when NVPF|HC cells are cycled at 55°C 

compared to room temperature, thus intensifying the cell degradation and/or gassing. To ensure 

good cycling stability and minimize gas generation at elevated temperatures, suppressing these 

parasitic reactions is of utmost importance, thus improving the overall performance and safety 
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of the battery system. Additionally, NVPF|HC cells are intended for high-power applications, and 

during 5C cycling, cell temperatures increased to around 50°C, as noted by Huang et al. This 

emphasizes the crucial need for high temperature stability in extremely high-power cells.244 

 

Fig. 4.1 | High temperature instabilities in NVPF-HC cell. Discharge capacity retention plot of NVPF|HC cell 

containing control electrolyte cycled at 55°C and C/5.    

Electrolyte additives112,245–248 have proven to be the most effective and efficient solution to 

suppress the parasitic currents discussed earlier. The addition of a very small quantity (0.1-10 

wt%) of these chemical components to the electrolyte can completely mitigate the undesired 

reactions. These additives achieve this by forming a passivating interphase, generally through 

preferential (electro)chemical oxidation or reduction during the first few cycles of cell formation. 

Fig. 4.2 summarizes the development of electrolyte engineering done for NVPF|HC cells in our 

group over the previous years with their advantages and limitations. 

Guochun et al. screened a variety of electrolyte additives122 from the knowledge of a huge 

Li-ion database and formulated electrolyte securing high temperature stability: 1M NaPF6 in EC-

PC with four additives, namely sodium difluoro(oxalate)borate (NaODFB), Succinonitrile (SN), 

vinylene carbonate(VC) and 1,3-propane sultone (PS). We will call this electrolyte “Gen-1 
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electrolyte” (Fig. 4.2) for the sake of simplicity. Although it exhibited remarkable stability, the 

electrolyte contained only cyclic carbonates (EC and PC), leading to its impracticality in 

commercial cells with celgard separator due to its high viscosity and poor wettability. 

Additionally, this high viscosity due to the absence of linear carbonates (DMC, EMC and DEC) will 

lead to limited power performance, inability to cycle at low temperatures and high chances of 

sodium plating on HC.  

To tackle this issue, Claudio et al. incorporated DMC in the electrolyte blend and came up 

with the new electrolyte formation123: 1M NaPF6 in EC-DMC with three additives, namely 

NaODFB, SN, Tris(trimethylsilyl) Phosphite (TMSPi), also named as “Gen-2 electrolyte” (Fig. 4.2). 

This electrolyte could be implemented in real commercial cells as it can wet the celgard 

separator. However, the observed increase in the discharge capacity, and associated charge 

endpoint slippage indicated parasitic electrolyte oxidation, as discussed in Table 2.2 of Chapter 

2, and when implemented in 18650 cylindrical cells led to gassing followed by CID break at high 

temperatures (55 °C). 

 

Fig. 4.2 | Electrolyte development flowchart for NVPF|HC. Electrolyte developments containing different additives 

is summarized. Starting with Gen-1 electrolyte by Guochun et al. to Gen-2 electrolyte by Claudio et al. and Gen-3 

electrolyte presented in this work. All of the electrolytes possess certain advantages and limitations but with newer 

generation electrolytes limitations were minimized.  
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 To tackle the issue of gassing “Gen-3 electrolyte” consisting 1M NaPF6 in EC-PC-DMC 

(1:1:1 by vol%) with 0.5%NaODFB + 3%VC + 3%SN + 0.2% TMSPi was invented. This constitutes 

the main topic of discussion in this Chapter. In the starting stages of the chapter, optical sensing 

on commercial 18650 type NVPF-HC cells was used to track the parasitic heat release during 

formation and initial cycles. Then, the role of additives and their performance was further 

rationalized with electrochemical tests. More information about optical sensing calorimetry and 

other experimental details can be found in the Methods section of this chapter.  

2. Results and discussions 

2.1 Heat Evolution during Formation Cycle for “Control Electrolyte” 

For the base or control electrolyte, we carefully selected 1M NaPF6 dissolved in a mixture 

of EC–PC–DMC (volume ratio of 1:1:1) based on its favorable chemical and electrochemical 

reactivity and overall performance122,123,146 at room temperature and high temperature (Fig. 4.1). 

EC was chosen for its role in SEI formation164, DMC for reducing electrolyte viscosity and 

increasing conductivity/wettability80,249, and PC for reducing the freezing point.249–251 Before use, 

all solvents were dried with molecular sieves and tested for water content (<10 ppm) by Karl 

Fischer titration. The resulting electrolyte exhibits ionic conductivities of 6.07, 11.14, and 15.9 

mS cm−1 at 0, 25, and 55 °C, respectively. The cells were mainly tested at 55 °C for accelerated 

testing.115 This additive-free mother electrolyte 1M NaPF6 in EC-PC-DMC is referred to as the 

“control,” and other electrolyte formulations with additives are named based on their specific 

identities. 

The chemical/electrochemical stability of the control electrolyte was tested using a recently 

developed calorimetry technique based on optical sensors by our group.244 More details about 

this technique are given in the Methods section of this Chapter and in recent articles.244,252,253 

Dry NVPF|HC 18650 cells were obtained from TIAMAT (France), allowing us to add different 

electrolyte combinations while keeping other parameters constant. The cells were pierced to one 

end with the hole that was used to fill the electrolyte of our choice and also to inject the optical 

fiber Bragg grating  (FBG) sensor prior to being sealed by epoxy. Two other FBG sensors were 

placed at the cell surface and in its surrounding ambient to perform reliable calorimetry 
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measurements. The cells, along with the FBGs, were placed in an oven at a fixed temperature of 

55 °C and cycled at C/10 rate for 3 charge-discharge cycles. Charge curves for the first three cycles 

of the cell with the control electrolyte are shown in Fig. 4.3a.  

 

Fig. 4.3 | Sensing calorimetry studies conducted on 18650 type NVPF/HC cells using a control electrolyte. The 

figure includes the following plots: a) Capacity versus voltage plot. b) Change in Bragg wavelength (ΔλB) measured 

by Fiber Bragg Gratings (FBGs), which is converted to the equivalent temperature change (ΔT) and displayed on the 

right y-axis, as a function of capacity. c) Heat rate (�̇�) as a function of capacity, providing insights into the heat 

generation rate during the charge and discharge cycles. d) Derivative of heat evolution (dQheat/dV) with values 

indicating integrated heat in J/gNVPF for regions separated by a dashed line. e) Derivative of capacity (dQcap/dV) as a 

function of cell voltage for the 1st, 2nd, and 3rd charges, with voltage values corresponding to the peaks labeled in the 

figure. The experiment was conducted with two cells having the exact configuration, and identical results were 
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observed in both cells. The cells were cycled at 55 °C, with a voltage range from 2 - 4.25 V at a C/10 rate (1C = 128 

mAh.g−1).  

The  FBGs were connected with the optical interrogator to analyze the shift in Bragg 

wavelength (ΔλB) that was converted to temperature variations  (ΔT)  with high resolutions  (1  s  

and  0.1 °C) as shown in Fig. 4.3b (check the left axis for ΔλB and right axis for ΔT). The ΔT, in turn, 

was used to calculate the heat rate (�̇� in Fig. 4.3c) using a simplified 0D thermal model whose 

intrinsic parameters must be defined for each cell prior to conducting the measurements  

(Supplementary Fig.  S4.2). The heat derivative as a function of voltage was calculated as 

dQheat/dV  (in  Fig. 4.3d)  and compared with the capacity derivative dQcap/dV  (in  Fig. 4.3e). From  

Fig. 4.3d-e,  it can be seen that, while minimal change in shape is observed in capacity derivative  

(dQcap/dV) among the first three charges, however a  huge change is observed in heat derivatives  

(dQheat/dV)  where the heat evolution is maximum for the first charge and reduced drastically for 

the second and third ones.  

As Qheat is differentiated with respect to voltage, dQheat/dV and dQcap/dV may give peaks 

at similar voltage positions because both are differentiated with the same term. This is because 

variations of capacity, voltage, and heat flow are ultimately related to time and thus are 

interrelated to each other by time. In our dQheat/dV analysis, our interest lies explicitly in the area 

under the curve (and not the shape of the curve) for the specific regions (marked by vertical lines 

in Fig. 4.3d) where dQcap/dV shows a peak, this area gives us the heat corresponding to the 

processes leading to a peak in dQcap/dV. These findings demonstrate the viability of using heat 

evolution, as determined by FBGs, as a tool to follow the interfacial reactions between electrodes 

and electrolytes within NPVF|HC cells. 

The heat changes we observed can be attributed to two main factors: parasitic redox 

reactions occurring in the electrolyte and phase transitions or diffusion-limited kinetics244 within 

the electrode material. However, considering that the contributions from electrode materials are 

anticipated to remain consistent across subsequent cycles (2nd and 3rd cycle in Fig. 4.3d), the 

irreversible heat evolutions observed during the initial charging primarily stem from the 

electrolyte redox process and mainly interphase formation.  
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By comparing the potentials of the individual NVPF and HC electrodes (refer to 

Supplementary Fig. S4.3), we observed that the region spanning from the Open Circuit Voltage 

(OCV) to 3.8 V corresponds to the sloppy region of HC. Consequently, the exothermic peaks 

observed at 2.75, 3.06, and 3.56 V (as shown in Fig. 4.3e) are mainly associated with the 

formation of the SEI, which stabilizes after the initial cycle. In contrast, the other two exothermic 

peaks (at 4.06 and 4.12 V) occurring beyond 50% of the cell’s charging capacity take place during 

the high voltage plateau of NVPF and flat potential plateau of HC. This includes the heat of 

reaction related to the phase transition from Na2V2(PO4)2F3 to Na1V2(PO4)2F3, as well as diffusion-

limited kinetics at the end of charge, along with the electrolyte oxidation and reduction. 

Furthermore, we noted that the process at 4.06 V becomes endothermic during the 2nd and 3rd 

charges, indicating that the exothermic heat observed during the 1st charge primarily originates 

from electrolyte oxidation on NVPF or reduction on HC. However, for the process at 4.12 V, only 

a decrease in exothermicity is observed when moving from the 1st to the 2nd and 3rd charges, 

indicating the observed heat is a mixture of both exothermic electrolyte oxidation/reduction and 

the endothermic phase transition and diffusion-limited kinetics at the end of the charge from the 

material. 

2.2 Impact of Additives on Heat Evolution during the Formation Cycle 

Subsequently, we delved into the evolution of heat events during the charging process by 

introducing various chemical additives. To achieve this, we carefully incorporated NaODFB, VC, 

SN, and TMSPi into the mother electrolyte in specific ratios, starting with 0.5 wt.% NaODFB, 3 

wt.% VC, 3 wt.% SN, and 0.2 wt.% TMSPi. These additives were chosen due to their widespread 

use in LIBs and their previous investigation in NIBs.122,123,254 To ensure the reliability of our 

findings, each electrolyte formulation underwent measurement twice, ensuring reproducibility. 

In total, we examined five different electrolyte formulations: control, NaODFB, NaODFB+VC, 

NaODFB+VC+SN, and NaODFB+VC+SN+TMSPi. The cycling curves and their corresponding 

dQcap/dV plots for each formulation can be found in Supplementary Fig. S4.4 and S4.5. 
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The ΔT measured from FBGs serves as the basis for deriving the dQheat/dV plots, as 

demonstrated for the control electrolyte. The 1st charge data is depicted in Fig. 4.4a-e, while the 

data for the 2nd and 3rd charges can be found in Supplementary Fig. S4.6.  

 

Fig. 4.4 | Heat evolutions due to incorporation of additives in the electrolyte. a–e) The derivatives of heat with 

respect to voltage (dQheat/dV) of NVPF/HC cylindrical 18650 cells cycled at C/10 in an oven maintained at 55 °C. The 

cells were tested using different electrolyte formulations: (a) no additives - control, and with the additives (b) 0.5 
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wt.% NaODFB, (c) 0.5 wt.% NaODFB + 3 wt.% VC, (d) 0.5 wt.% NaODFB + 3 wt.% VC + 3 wt.% SN, and (e) 0.5 wt.% 

NaODFB + 3 wt.% VC + 3 wt.% SN + 0.2 wt.% TMSPi. The figures on the left show the voltage window from open 

circuit voltage (OCV) to 3.8 V, and the right ones show the voltage window from 3.8 to 4.25 V. The integrated heats 

(in joules per gram of NVPF) of SEI/CSEI formation peaks were labeled, and the arrow marks serve as a guide to show 

the redox process of NaODFB, VC, electrolyte solvent (E), and heat evolution due to sodium (de-)insertion in the 

material (M). f) The total heat observed at < 3.8 V and >3.8 V is shown as a function of electrolyte formulation. 

To ensure clarity, we presented the data in two panels: one for the heat events occurring 

below 3.8 V (left) and the other for those above 3.8 V (right). This separation allows us to analyze 

the impact of the additives on the SEI formation and other processes discussed before (mainly 

exothermic electrolyte oxidation/reduction and endothermic material phase transformation). 

Note that the onset potential of the new thermal events compared to the control electrolyte, 

together with their amplitudes is a  response to the additive used. The total evolved heat in both 

of these voltage regions  (<3.8  V  and  >3.8  V)  for each electrolyte formulation is plotted in  Fig. 

4.4f. Strikingly,  there is an abrupt decrease in the cumulated heat in the two voltage regions with 

the addition of electrolyte additive(s)  (Fig. 4.4f), implying the additives assist the formation of  

SEI  and  CSEI  that reduce the unwanted parasitic reactions with the electrolyte solvents. 

The addition of just a single additive, NaODFB (Fig. 4.4b), leads to a remarkable 50% 

reduction in the evolved heat, highlighting the reactivity of NaODFB or its derived product in both 

the negative and positive electrodes. At around 2V, the heat due to NaODFB reduction is 

considerably low, approximately 2 J/gNVPF, which indicates its effectiveness in safeguarding the 

electrode surface without releasing excessive heat. Nevertheless, peaks associated with solvent 

reduction at 2.75, 3.06, and 3.56 V still persist, indicating that NaODFB alone may not be sufficient 

in completely preventing excessive solvent reduction but lower it to some extent. 

However, when VC is added along with NaODFB (Fig. 4.4c), a nearly complete reduction 

in the heat associated with solvent reduction at 3V is observed. Instead, the heat profile shows 

two new exothermic processes at 2.6 and 2.8 V. The 2.8 V process coincides with the solvent 

reduction observed in the control electrolyte (2.75 V). Interestingly, the peak at 2.6 V 

corresponds to ~1.0 V in HC versus Na+/Na0, closely matching the reported ~1.4 V versus Li+/Li0 

for VC reduction.255 Upon closer examination using dQcap/dV with dQheat/dV plots 
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(Supplementary Fig S4.7), we find that both the 2.6 and 2.8 V redox processes exhibit nearly 

similar heat evolution (21 and 19 J per gram of NVPF, respectively). However, the 2.6 V reduction 

involves only 0.065 electrons (0.065 Na+ removal from NVPF) compared to 0.22 electrons at 2.8 

V reduction. This result suggests that VC reduction at 2.6 V is either highly exothermic or 

associated with a parallel chemical reaction that releases a significant amount of heat. This aligns 

well with the reported VC redox mechanism in the literature, where VC undergoes a 1 or 2 

electron redox process,256–258 leading to an exothermic peak at 2.6 V. The products of VC 

reduction then react with EC (peak at 2.8 V) and polymerize, releasing CO2. The evolved heat at 

2.6 V is relatively higher when VC is used alone (Supplementary Fig. S4.8) as the available HC 

surface is higher without passivation by NaODFB. In the high voltage region (3.8–4.25 V), the 

addition of VC reduces the overall heat, and relatively fewer changes in the heat of the reaction 

are observed in the second and third charges (Supplementary Fig. S4.6), indicating possible 

passivation and stabilization of the positive electrode as well. 

Next, we tested the additive SN, known for its effectiveness in protecting the positive 

electrode.259–261 When added to NaODFB+VC, SN further reduced the heat associated with the 

high-voltage region (>3.8 V) process, indicating a relatively less severe electrolyte oxidation in 

the positive electrode. This suggests a synergetic effect of SN in combination with VC, resulting 

in efficient protection of the positive electrode (Fig. 4.4d). However, we did not observe any new 

specific feature that could suggest the oxidation or adsorption of SN on the electrode surface. 

Similarly, the addition of TMSPi (0.2 wt.%) also did not reveal any new features in the heat 

derivative plot, except for a reduction in the evolved heat during the low-voltage processes (<3.8 

V; Fig. 4.4e). TMSPi is known in the literature as an effective acid/O2 scavenger,262,263 and this 

property could be responsible for the observed decrease in heat during the low-voltage 

processes. On the other hand, a slight increase in heat is observed at high voltages, which we 

associate with the oxidation of TMSPi (calculated oxidation potential is 4.29 V vs Li+/Li0)262 or one 

of its reduction products on the positive electrode. This behavior warrants further investigation 

to understand the specific mechanisms involved in the high voltage region. 
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In summary, the calorimetry measurements revealed that the studied electrolyte 

additives displayed reactivity both at the NVPF and HC electrodes, except for SN, which showed 

activity solely on the NVPF electrode. The additive mixture of NaODFB with VC actively 

participated in the formation of SEI and probably CSEI. Moreover, SN and TMSPi appeared to 

fine-tune these processes further, as they led to a reduction in the heat of the reaction. The most 

significant reduction in heat was observed when all four additives were combined in the mother 

electrolyte. While these findings provided valuable guidance, they were not sufficient to 

determine the best suitable electrolyte for the NVPF/HC chemistry. To gain further insights, we 

conducted electrochemical analyses using the same combinations of additive blends in NVPF/HC 

Na-ion full cells. 

2.3 Electrochemical analysis of NVPF|HC full cells  

The experimental protocol involved assembling coin-type 2032 cells and cycling them at 

55°C within the voltage range of 2-4.3 V. To ensure data robustness, a minimum of 2 coin cells 

was used for each electrolyte formulation. Initially, the cells underwent 10 cycles at a rate of C/5 

to establish a stable interphase. Subsequently, a self-discharge test was conducted (refer to Fig. 

4.5a) by placing the cells at rest at 100% state of charge (4.3 V) for 1 week at 55°C.  

 

Fig. 4.5 | Protocol to access high temperature cycle life and calendar life. a) Voltage vs. time plot for the cycling 

and storage protocol. b) The capacity loss and recovery during the storage period and defining SD and RE parameters.  

After this self-discharge period, the cycling resumed, and the two parameters SD (Resistance to 

self-discharge = Q11th/Q10th x 100) and RE (recovery= Q12th/Q10th x 100) are defined presented in 
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the Fig. 4.5b. Note that continuous cycling gives an indication of cycle life, and 1 week of storage 

gives an indication of calendar life.264–266 For better calendar life, both SD and RE values should 

be high. Thus, capacity retention, SD, and RE will give overall life indication of different electrolyte 

formulations.  

 

Fig. 4.6 | Electrochemical performance of the chosen additive combinations. a) Discharge capacity vs. cycle 

number. b) SD and RE values for the storage period c) ΔV vs. cycle number. d) Zoomed in part of voltage vs. capacity 

plot for 12th cycle to indicate the developed polarization.  

Fig. 4.6a shows capacity retention for the chosen electrolyte combinations before and 

after self-discharge periods with their charging profiles in Supplementary Fig. S4.9. Note that 

electrolyte with all 4 additives, NaODFB+VC+SN+TMSPi, shows 95% capacity retention after 25 

cycles and 1 week of storage at 100% SOC. Similarly, it shows the highest SD and RE values (Fig. 

4.6b), showing high resistance to self-discharge and high recovery values. All the electrolytes 
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containing additives demonstrated only a 9–10% capacity loss during the 1-week storage at 55°C. 

In contrast, the control electrolyte exhibited a 16% loss with only 90% recovery (Fig. 4.6b). This 

highlights the effectiveness of the electrolyte additives in enhancing the cell’s stability during the 

self-discharge process. 

 Polarization development corresponding to cycling is shown in Fig. 4.6c. As cycling 

proceeds, the polarization increases for all the cells with sharp steps after the storage period. 

Polarization development is slower for the cell with NaODFB+VC+SN+TMSPi as compared to 

other combinations. The upper plateau region of full cell for the 12th cycle was zoomed in to show 

this polarization development after the storage period in Fig. 4.6d, indicating the least 

polarization for NaODFB+VC+SN+TMSPi electrolyte. This indicates the suppression of impedance 

buildup due to interphase degradation and growth.  

 The incorporation of additives shows impressive performance at 55°C, but the above 

analysis (capacity retention, SD, RE, and ΔV) of different additive combinations did not give a 

clear indication of their role in stabilizing the capacity. Additionally, studying charge and 

discharge endpoint slippages (Supplementary Fig. S4.10) did not provide any solid support to 

spot the role of each additive. Thus, electrode slippages and mass loss are analyzed next to 

identify the role of each additive in stabilizing the interphase.  

 It was discussed in Chapter 2 Section 2.1.6 about the ability of dV/dQ analysis to identify 

the parasitic reactions taking place via quantifying electrode slippages and mass loss.185,187–189 

The processes include fitting the experimental (dV/dQ)exp with the half cell profile of positive 

electrode (dV/dQ)+ and negative electrode (dV/dQ)- with the help of electrode slippages and 

mass loss. For the particular NVPF|HC system, NVPF has only one sharp distinguishable feature, 

and HC has a small feature (refer to Supplementary Fig. S4.11), which makes the fitting less 

reliable, and only two parameters can be fitted safely. One is NVPF mass loss (due to apparent 

mass loss at NVPF electrode), and the other parameter is HC slippage (due to parasitic reactions 

at HC), which can be easily identified from the discharge curves without the dV/dQ fitting.  

 Fig. 4.7a shows the full cell discharge curves with deconvoluted NVPF and HC profiles in 

V vs. Q and dV/dQ vs. Q format. Note that in the full cell, the step feature corresponds to NVPF 
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phase change, and the end of discharge corresponds to HC potential shoot-up (refer to 

Supplementary Fig. S4.11 and Fig. 4.7a). Thus, the shift in the phase change step and end of 

discharge is tracked as a function of cycling (refer to Fig. 4.7b) and named NVPF slippage and HC 

slippage. Note that to compare our analysis with classical fittings done by Dahn et al.,185 our NVPF 

slippage term corresponds to apparent mass loss at the NVPF electrode, and the HC slippage 

term is due to parasitic reaction at HC interphase causing SEI growth and capacity loss.  

 

Fig. 4.7 | Simplified dV/dQ analysis for NVPF|HC system. a) Voltage vs. capacity (top) and dV/dQ vs. capacity 

(bottom) for discharge curve(in black) of NVPF|HC cell. The deconvoluted NVPF (in blue) and HC (in red) curves are 

shown. Significant NVPF and HC features are marked with orange and green shade, respectively. b) Voltage vs. 

capacity (top) and dV/dQ vs. capacity (bottom) for discharge curve of 1st and nth cycle with change in NVPF and HC 

feature marked as slippage.  
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Fig. 4.8 | dV/dQ analysis for NVPF|HC cells. (a) The discharge voltage versus capacity plots of the 1st, 10th, and 

20th cycles are shown together with the differential voltage (dV/dQ) for NVPF/HC cells with different electrolyte 

formulations. The cells were tested with the control electrolyte and with the following additives: 0.5 wt% NaODFB, 

0.5 wt% NaODFB + 3 wt% VC, 0.5 wt% NaODFB + 3 wt% VC + 3 wt% SN, and 0.5 wt% NaODFB + 3 wt% VC + 3 wt% SN 

+ 0.2 wt% TMSPi. The original data for these curves can be found in Figure S9 of the Supplementary Information. (b) 

The electrode slippage in the positive electrode (NVPF) and negative electrode (HC) is calculated from the discharge 

voltage versus capacity plots (a). 
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Fig. 4.8a demonstrates the dVcell/dQ profiles for 1st, 10th, and 20th discharge cycles in 

different electrolytes, and Fig. 4.8b summarizes NVPF and HC slippage for the first ten and next 

ten cycles. Control electrolyte shows huge electrode slippage. As NaODFB+VC is added, both the 

NVPF and HC slippage becomes negative for the first ten cycles (Fig. 4.8b) this is due to extra Na+-

inventory gain from the electrolyte oxidation, thus increasing capacity in initial cycles (Fig. 4.6a) 

but then leading to rapid capacity loss after 20 cycles. When NaODFB+VC+SN is added to the 

control electrolyte, the slippages become positive but less than the control electrolyte (Fig. 4.8b). 

When TMSPi was added to NaODFB+VC+SN, it showed the least NVPF and HC slippages (Fig. 

4.8b), indicating negligible NVPF mass loss and suppressed parasitic reactions at HC electrode.   

 The dV/dQ or slippage analysis provided additional information relating to the 

effectiveness of additives in passivating interphase and relating the observed capacity loss to 

NVPF mass loss and SEI growth. However, the role of each additive remains unclear. For this 

reason NVPF and HC symmetric cells with the same electrolyte combinations were investigated.  

2.4 Unraveling the role of additives from symmetric cells  

Symmetric cells contain the same host material as positive and negative electrodes, the 

same interphase, and both the electrodes run in the same potential window as discussed in 

section 2.2.2 of Chapter 2. These cells were designed with configurations of 

Na≈1V2(PO4)2F3|Na≈3V2(PO4)2F3  and desodiated HC|sodiated HC, respectively. The electrodes 

were prepared and recovered following the protocol described in the Experimental Section and 

Supplementary Note S4.1.  

The cycling curves for NVPF and HC symmetric cells with electrolyte is shown in Fig. 4.9a-

b. The charging curves for the first cycle were fitted using dV/dQ fitting software developed by 

Dahn et al.185 and individual electrode curves were accessed as shown in Fig. 4.9c-d. The changes 

observed in the cycling curves are associated with the specific degradation mode, and these are 

shown in Supplementary Fig. S4.12, along with additional details in Supplementary Notes S4.2 

and S4.3 in the Supplementary Information. It is important to mention that the dominant 

mechanism for the degradation of NVPF and HC symmetric cells is electrolyte oxidation and 

electrolyte reduction, respectively. NVPF degrades by electrolyte oxidation with the consequence 
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of gaining extra Na inventory and cell capacity reaches zero when both the electrode 

concentration become Na≈3V2(PO4)2F3, confirmed with the slippage analysis and half-cells of 

recovered electrodes from symmetric cell (Supplementary Fig. S4.12c). On the contrary HC cell 

degrades by loss of Na inventory due to continuous electrolyte reduction (Supplementary Fig. 

S4.12d).  

 

Fig. 4.9 | Symmetric cell profile and its deconvolution in individual electrodes for NVPF and HC. Voltage vs. capacity 

profiles for 1st,50th, 100th cycle a)NVPF symmetric cells and b)HC symmetric cells with NaODFB+VC+SN+TMSPi 

electrolyte. Deconvoluted profile of individual electrodes (pink and blue) with charging curve (black) and calculated 

charging curve (green dots) for c) NVPF symmetric cell and d)HC symmetric cell.   

The cumulated capacity retention plots of both NVPF and HC symmetric cells for chosen 

additive combinations are shown in Fig. 4.10, providing insights into the capacity retention 
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behavior over cycling. In the case of NVPF symmetric cells, the lowest capacity retention is 

observed for the control electrolyte. The addition of NaODFB+VC does not affect capacity 

retention (Fig. 4.10a), implying its inability to effectively passivate NVPF from electrolyte 

oxidation. Notably, the capacity decay is quite evident right from the initial cycles. However, the 

addition of SN leads to a significant improvement in electrolyte stability. SN acts as a protective 

agent for the NVPF electrode and enhances the oxidative stability of the electrolyte. On the other 

hand, the addition of TMSPi to NaODFB+VC+SN further enhances the capacity retention (Fig. 

4.10a) of NVPF cells by a slight amount. Degradation analysis by dV/dQ fitting for the discussed 

electrolytes is shown in Supplementary Fig. S4.13. 

 

Fig. 4.10 | Cycling stability of symmetric cells unraveling the role of additives. Discharge capacity as a function of 

cycle number for NVPF and HC symmetric cells cycled at 25 °C with a C/5 rate using different electrolyte formulations. 

The plots include the control electrolyte and electrolytes containing the following additives: 0.5 wt.% NaODFB, 0.5 

wt.% NaODFB+ 3 wt.% VC, 0.5 wt.% NaODFB+ 3 wt.% VC+ 3 wt.% SN, and 0.5 wt.% NaODFB+ 3 wt.% VC+ 3 wt.% SN+ 

0.2 wt.% TMSPi.  

In contrast to NVPF symmetric cells, the HC symmetric cells retain 62% of their capacity 

after 100 cycles (Fig. 4.10b) with the control electrolyte alone. With the inclusion of additives, 

approximately 80–90% of the initial capacity is retained even after 100 cycles in HC symmetric 

cells. HC symmetric cells demonstrate stable performance with NaODFB+VC additives alone, and 
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an improvement in stability is achieved with NaODFB+VC+SN+TMSPi additives (Fig. 4.10b). The 

stable performance in HC symmetric cell cycling indicates the formation of a good SEI, which 

prevents further electrolyte reduction and SEI growth. 

Overall, NaODFB+VC is sufficient in creating a good SEI, but the NVPF/HC full cell still 

shows capacity decay due to the poor oxidative stability of the electrolyte. However, with the 

addition of SN, the NVPF surface is protected, leading to a suppression of electrolyte oxidation. 

The additive TMSPi further enhances the stability of the SEI by protecting SEI through acid-

scavenging properties. As a result, the electrolyte with NaODFB+VC+SN+TMSPi exhibits the best 

stability, addressing both the SEI and CSEI, thus providing superior full cell stability (Fig. 4.6a). 

After achieving stable interphases with Gen-3 additives, the subsequent task involves examining 

the impact of these additives on V dissolution and gassing, as discussed in Chapter 3. 

2.5 Gen-3 electrolyte: Vanadium Dissolution and Gassing in the cells 

To further understand the impact of additives, control and Gen-3 electrolyte (with 

NaODFB+VC+SN+TMSPi) are investigated for V dissolution. The apparent NVPF mass loss 

observed from the dV/dQ analysis hints towards the dissolution of some part of active material. 

This dissolution can further promote electrolyte decomposition, shuttling reactions, and gassing 

as discussed in Section 2.6.2 of Chapter 3.  

Fig. 4.11a shows that the amount of dissolved vanadium after one week of storage of 

NVPF|HC coin cells at 55 °C in 100% state of charge (SOC) is reduced by nearly 50% in the 

presence of additives. Encouraged by these results, 18650 cylindrical cells loaded with this 

electrolyte were cycled at 55 °C for over four months (Fig. 4.11b). The cell with Gen-3 electrolyte 

exhibited better capacity retention without any CID break due to pressure buildup compared to 

the cell without any electrolyte additive, which failed after just 10 days. Interestingly, the 

derivative plot shows a barely noticeable 3.4 and 3.9 V peak (arrow in Fig. 4.11c, left) for the 

electrolyte containing additives, as opposed to a well-pronounced feature for the electrolyte 

without additives. As discussed in Section 2.6.1 of Chapter 3, these two peaks are an indicative 

fingerprint of V-dissolution and NVPF deterioration. This confirms that Gen-3 additives suppress 

the V dissolution, leading to low apparent NVPF mass loss, increase in capacity retention, and 
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reduction in the gassing in 18650 cells. Still, it is important to note that the additives do not fully 

eliminate vanadium dissolution, and further optimization from electrode and electrolyte is 

required to achieve the best interphase stability.  

 

Fig. 4.11 | Protective effect of electrolyte additives on the NVPF surface. a) ICP analyses revealed that cells with 

electrolyte additives exhibit significantly reduced dissolved vanadium compared to cells without additives, indicating 

the additives’ protective effect on NVPF. b) The 18650 cell with electrolyte additives demonstrates better capacity 

retention (pink circles) over four months compared to the cell without additives (blue circles). c) Derivative plots of 

the two cells’ cycles indicate that the appearance of a new redox process around 3.9 V is less evident in cells with 

electrolyte additives even after four months of cycling at 55°C, in contrast to the cell without additives that exhibits 

the feature after just 10 days of cycling.  

Another issue observed during high temperature cycling of NVPF-HC cells is the gassing 

where the gases formed from the deleterious parasitic reactions of electrolyte and/or dissolved 

vanadium. In order to understand the gassing phenomenon during formation and upon long 

cycling, we carried out online electrochemical mass spectroscopy (OEMS) studies and optical 

sensing studies that are discussed one by one next. 
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For OEMS studies, specially designed cells267 were assembled using NVPF and HC 

electrodes. Since VC and TMSPi additives have been associated with gas generation,268–270 with 

excessive VC causing CID breakage in 18650 cells during formation cycles, two compositions were 

selected: NaODFB+VC+SN and NaODFB+VC+SN+TMSPi. The cells were cycled at 55 °C using a 

C/10 rate, and the gases evolved during cycling were analyzed using a mass spectrometer. The 

signals corresponding to CO2, H2, and C2H4 gases were calibrated for quantification. Additionally, 

gases such as POF3 and trimethyl-fluorosilane (TMSF), which are reported as side-products from 

NaPF6 decomposition and TMSPi reaction with fluoride ions,269 were also detected during the 

analysis, but their quantities were not quantified in this study. 

 

Fig. 4.12 Gassing analysis for electrolyte with additives. a) OEMS (Online Electrochemical Mass Spectrometry) 

analyses of NVPF/HC cells using 1 M NaPF6 in EC: PC: DMC and electrolyte additives NaODFB+VC+SN, without (left) 

and with (right) TMSPi added to the electrolyte. The numbers in each panel represent the total amount of H2, CO2, 
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and C2H4 gases evolved from the cell during cycling. The gases POF3 and TMSF were observed only when TMSPi was 

used in the electrolyte and were not quantified. b) The change in cell pressure (followed by FBGs - Fiber Bragg 

Gratings) of NVPF/HC cylindrical 18650 cells upon cycling at 55 °C using a C/10 rate. The electrolyte consists of 1 M 

NaPF6 in a 1:1:1 EC:PC:DMC mixture, where the additives used are NaODFB+VC+TMSPi with (blue circles) and 

without SN (pink squares). 

The results of OEMS are summarized in Fig. 4.12a. Small amounts of POF3 and TMSF gases 

were detected only in electrolytes containing TMSPi during the first cycle, consistent with 

previous literature reporting that TMSPi induces PF6
− decomposition. Additionally, we observed 

a similar amount of C2H4 gas produced, regardless of the presence or absence of TMSPi in the 

electrolyte. This is indicative of limited EC reduction, as the SEI mainly forms from the reduction 

of NaODFB and VC. However, the NVPF|HC cell containing the electrolyte with NaODFB+VC+SN 

is associated with a significant evolution of CO2 gas during SEI formation (below 3.8 V). The 

amount of released CO2 is reduced by nearly fivefold with the addition of TMSPi. On the other 

hand, the presence of TMSPi does not significantly affect the amount of H2 gas produced, 

suggesting a separate process that is likely related to the reduction of protic species on the 

anode.271 Overall, while TMSPi leads to a small amount of POF3 and TMSF gases in the first cycle, 

it effectively reduces the amount of CO2 produced during SEI formation. This reduction is likely 

due to the synergistic effects between TMSPi and the other electrolyte additives. 

The gassing results mentioned above are quite surprising, considering that we previously 

observed vigorous gassing when using the electrolyte containing NaODFB+VC+TMSPi (Gen-2 

electrolyte in Fig. 4.2) additives, as reported by our group earlier. It is worth noting that this 

vigorous gassing was mainly observed in 18650 cells, where the amount of active material used 

was much higher (approximately 8-11 g of NVPF) compared to the coin-type or OEMS cells 

(around 14-20 mg of NVPF). Additionally, the gassing was more prominent when the cells were 

cycled at 55 °C for extended periods. To overcome the challenges of performing long-term cycling 

with the OEMS cells, we once again used optical sensors to monitor the pressure evolution during 

long cycling. For this purpose, we integrated microstructured optical fiber (MOF-FBG) into the 

18650 cells, which is sensitive to hydraulic pressure, along with single-mode optical fibers (SMF-

FBG) that are less sensitive to pressure changes. By using these optical sensors, we aim to better 
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understand the gassing behavior and pressure variations during prolonged cycling in the OEMS 

cells.  

The results were compared, and pressure changes were calculated based on the 

experimental methods (see experimental methods section). Fig. 4.12b presents the data 

comparing the change in pressure as a function of cycle number for two different electrolyte 

formulations: NaODFB+VC+TMSPi (Gen-2 electrolyte defined in Fig. 4.2) and 

NaODFB+VC+SN+TMSPi (Gen-3 electrolyte defined in Fig. 4.2), discussed in this chapter. 

In cells without SN (with NaODFB+VC+TMSPi), a gradual increase in cell pressure was 

observed, leading to a critical internal pressure (CID) break when the pressure reached a 

maximum limit of approximately 16 bars inside the cell. On the other hand, the electrolyte 

containing SN in its formulation (NaODFB+VC+SN+TMSPi) showed much less change in pressure, 

indicating a significantly reduced amount of gassing with this electrolyte formulation. The key 

difference between the two studied electrolytes in Fig. 4.12b is the presence or absence of SN. 

The symmetric cell studies (Fig. 4.10a) also revealed that SN plays a protective role for the 

positive electrode. This suggests that the significant gassing observed in the absence of SN is due 

to electrolyte oxidation, resulting in an increase in built-in pressure and a deterioration in cell 

performance. 

2.6 Evaluating the Feasibility of the Gen-3 Electrolyte for Real-World Applications 

To complete the study, the practicality of the electrolyte formulation with additives 

NaODFB+VC+SN+TMSPi is discussed. First, the ionic conductivity measurements indicated slightly 

lower values than the control electrolyte, measuring 5.9, 10.49, and 15.8 mS cm−1 (6.07, 11.14, 

and 15.9 mS cm−1 for the control electrolyte) at 0, 25, and 55 °C, respectively, probably due to 

the addition of viscous components like VC and SN (solid at room temperature). Next, cycling 

experiments were conducted in 2032 coin cells at 0, 25, and 55 °C (Fig. 4.13a-c). At all 

temperatures, the electrolyte demonstrated excellent electrochemical performance, with only a 

3% capacity loss and 100% recovery (Fig. 4.13d) at both 0 and 25 °C after self-discharge tests for 

1 week at 100% state of charge (SOC) (4.3 V, after the removal of 2 Na from NVPF). At 55 °C, the 

cells exhibited nearly 10% capacity loss during the 1-week rest, with a 96% capacity recovery. The 
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capacity retention plots in Fig. 4.13e show stable capacity retention before and after self-

discharge. 

 

Fig. 4.13 The electrochemical performance of NVPF/HC cells using the electrolyte 1 m NaPF6 in a 1:1:1 EC:PC:DMC 

mixture containing 0.5 wt.% NaODFB, 3 wt.% VC, 3 wt.% SN, and 0.2 wt.% TMSPi additives (Gen-3 electrolyte) was 

evaluated in different cell configurations: a–e) Data derived from testing in coin-type 2032 cells cycled at constant 

temperatures of (a) 0 °C, (b) 25 °C, and (c) 55 °C. (d) Comparison of discharge capacity observed before self-discharge 

test (Qn−1), during the self-discharge cycle (Qn), and after self-discharge test (Qn+1). (e) Capacity retention plot, 

where the 10th cycle capacity is due to the self-discharge test. f, g) Data derived from 18650 cells; Capacity retention 

at 1C of the cells cycled at (f) 25 °C and (g) 55 °C after the self-discharge test, where the cells were cycled for a 

minimum of 20 cycles and allowed to rest for 1 week at 100% SOC. The insets in each plot show the cycling profile 

for the formation cycle (black) and after the self-discharge test (green for 25 °C and blue for 55 °C), in which the cells 

were cycled at a C/5 rate. 
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To validate the knowledge transfer from coin cells to prototype cylindrical cells, we 

assembled 18650 cells using Gen-3 electrolyte. The cells were initially formatted at 55 °C by 

charging at a C/10 rate for one charge (4.3 V). Then cycled at C/5 for 10 cycles, followed by a self-

discharge test for 1 week and recovery cycles using the same rate. The experiments were 

conducted at both 25 °C (Fig. 4.13f) and 55 °C (Fig. 4.13g), and similar results as in coin cells were 

obtained. The 18650 cells exhibited approximately 98% capacity recovery even at 55 °C after 1 

week of rest at full SOC (4.3 V). The long cycling performance was tested at a 1C rate and is shown 

in Fig. 4.13f-g. Overall, the electrolyte formulation with additives NaODFB+VC+SN+TMSPi 

demonstrates promising practicality and stability, as indicated by the favorable electrochemical 

performance in both coin cells and prototype cylindrical cells. 

2.7 Limitation of Gen-3 electrolyte 

Although the formulated electrolyte with NaODFB+VC+SN+TMSPi (Gen-3) was impressive 

in terms of achieving stability at high temperatures, it has some limitations. The impedance of 

the Gen-3 electrolyte at ambient or low temperature is high as compared to the control 

electrolyte. This indicates the resistive nature of the formed interphase, which helps stabilize the 

cell at elevated temperatures. Some of the NVPF|HC coin cells containing Gen-3 electrolyte 

cycled at 0°C showed signs of plating. This limitation could hinder the use of the Gen-3 electrolyte 

at high rates or extremely low temperatures, which will be the focus of the next study.  

3. Conclusions of the Chapter 

The investigation presented in this study has demonstrated the effectiveness of a specific 

electrolyte formulation containing 1 M NaPF6 in EC:PC:DMC with the addition of four electrolyte 

additives: 0.5 wt.% NaODFB, 3 wt.% VC, 3 wt.% SN, and 0.2 wt.% TMSPi. This electrolyte 

composition resulted in a stable SEI/CSEI formation, leading to improved electrochemical 

performance in NVPF|HC cells. 

The first part of the study with optical sensing calorimetry gives an indication of suppression 

of solvent decomposition and rather additives decomposition leading to a decrease in 

exothermic heat. The optical sensing study guides us in the synergy of additives and their 
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interaction in the initial cycles. For further information, NVPF|HC coin cells were employed, and 

capacity retention, SD, RE, ΔV, NVPF mass loss, HC slippage, and (dis)charge endpoint slippage 

were evaluated.  

Subsequent cycling of symmetric cells yielded essential insights into the individual 

contributions of each additive. It was observed that VC and NaODFB effectively passivate the HC 

electrode, while SN played a critical role in suppressing electrolyte oxidation, thereby reducing V 

dissolution and NVPF mass loss. Additionally, TMSPi served as an acid scavenger, contributing to 

the integrity of the formed interphases. 

The optimized electrolyte formulation demonstrated several desirable characteristics, 

including long cycle life and calendar life, low vanadium dissolution, reduced NVPF mass loss, a 

slower rate of SEI growth, and minimal gassing. Most importantly, the electrolyte’s practicality 

was demonstrated through its successful transfer to commercial 18650 type cells. Overall, the 

study highlights the importance of carefully selecting and fine-tuning electrolyte additives to 

achieve improved battery performance and stability. The combination of specific additives in the 

electrolyte played a crucial role in addressing various challenges associated with the NVPF/HC 

chemistry, resulting in a highly efficient and practical electrolyte for Na-ion batteries. 

The drawback of the developed Gen-3 electrolyte is its higher interphase resistance at both 

ambient and low temperatures compared to the control electrolyte, which will impact low 

temperature and high power performance. This demands further engineering of the proposed 

electrolyte and will be the focus of the next Chapter. 
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1. Background and Motivation 

The last Chapter provided a notable practical achievement by enhancing the lifetime of 

Na3V2(PO4)2F3 (NVPF) | hard carbon (HC) based cells at both ambient and high temperatures. 

However, while designing the electrolyte, it should be kept in mind to optimize all the key 

parameters like ionic conductivity, self-discharge, gassing, fast charging, all-climate operation, 

etc.153 Frequently, the enhancement of one parameter is accompanied by a deterioration in 

another parameter. For example, the incorporation of additives discussed in the previous 

chapter for better interphase stability leads to an increase in cell impedance and may impose 

fast charging and low-temperature cycling restrictions. Thus, this Chapter will focus on 

enhancing low temperature and high power behavior of NVPF|HC cells (which was ignored in 

the last Chapter), while keeping track of other crucial parameters like high-temperature stability.   

Fast-charging (FC) is the new Holy Grail in battery technology. The US Department of Energy 

granted over $19 million to enable ultrafast charging (XFC) with the goal of 15-minute EV 

charging by 2028.272 Na-ion batteries gain importance as some of the electrodes and electrolytes 

exhibit faster Na-ion diffusion kinetics than lithium counterparts. Positive electrodes like NVPF 

and PBA achieve a rapid 10C (full capacity in 6 minutes) sodium (de)insertion rate.273,274 

Moreover, the commonly used Na-ion negative electrode, HC, exhibits better rate capability to 

graphite due to its higher redox potential, facilitating faster Na-insertion without competing Na-

plating.62,275 

The electrolyte transport properties are as crucial as the positive and negative electrodes in 

determining how fast a cell can be charged. Particularly at low temperatures and/or high rates, 

the polarization across the electrolyte and electrode-electrolyte interphase can lead to limited 

deployable capacity, resulting in an early hitting of the cut-off voltage.276,277 Fast charging has a 

more pronounced impact, causing a reduction in calendar/cycle lifetimes and, in extreme cases, 

rollover failure. In LIBs, rollover behavior is attributed to unwanted lithium plating on the 

negative electrode surface when large currents are applied.278,279 The lifetime loss due to plating 

occurs through multiple routes.280–282 Firstly, the plated metal consumes the cell's active metal 

ion (Li+/ Na+) inventory, leading to irreversible capacity loss. Secondly, the plated metal is not 
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chemically stable, reacting with the electrolyte, releasing byproduct gases, and forming a new 

SEI. Lastly, in some extreme cases, plated metal can form dendrites, causing shorts in the cell 

and raising safety concerns. 

Regarding Na-ion electrolytes, they exhibit high Na-ion conductivity because of the weaker 

solvation of Na+-ions in comparison to Li+-ions.273 However, the interphase formed in Na-ion 

batteries is often reported to be relatively unstable, requiring the use of electrolyte additives to 

stabilize interphase as seen in Chapter 4 for Gen-3 electrolyte (with NaODFB+VC+SN+TMSPi). 

Unfortunately, in the case of our Gen-3 electrolyte, the additives lead to Na plating at low 

temperatures and or extremely high C-rates. Thus, achieving fast-charging Na-ion cells 

necessitates an electrolyte design that not only possesses high ionic conductivity but also forms 

highly conductive and stable interphases over a broad temperature range. 

One approach reported with lithium-ion batteries (LIBs) to enable fast-charging (FC) is to 

engineer electrode materials with coatings or smaller particle sizes, enhancing electrical and Li+ 

conductive transport within the material.283–286 Another strategy involves the use of 

salts/additives,287,288 such as Lithium bis(fluorosulfonyl)imide (LiFSI) and Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), which effectively reduce the interphase resistance. 

Additionally, to address polarization and plating issues and achieve FC, the ionic conductivity of 

the electrolyte can be improved by incorporating low-viscosity cosolvents.235,289–294 For LIBs, 

ester-based cosolvents, such as methyl acetate (MA) and ethyl acetate (EA), have been found to 

decrease the depletion of Li+ at the negative electrode surface during insertion, leading to 

reduced overpotential and prevention of associated metal plating under high currents.235,295–297 

However, these organic ester-based cosolvents suffer from poor electrochemical stability. 

Table S5.1 compares the essential physiochemical properties of esters (MA and EA) with 

those of linear (DMC, DEC, and EMC) and cyclic (EC and PC) compounds. Esters have the 

advantage of low viscosity and high melting point, making them highly beneficial for high-power 

and low-temperature applications. However, their low boiling point and flash point present a 

significant challenge when incorporating them into practical cells. 
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  Viscosity Dielectric 

constant 

Donor 

Number 

Melting Point 

(°C) 

Boiling Point 

(°C) 

Flash Point 

(°C) 

EC 1.86 (40C) 89.6 (40°C) 16.4 36.4 248 143 

PC 2.5 64.9 15.1 -48 242 116 

DMC 0.59 3.12 8.7 4.6 90 16 

DEC 0.75 2.82 8 -74 126 25 

EMC 0.65 2.9 6.5 -55 109 23 

MA 0.385 6.6 - -98 56.9 -13 

EA 0.416 5.99 - -83 77.1 -3 
 

Table S5.1 | Critical physiochemical properties of electrolyte solvents. The mentioned properties are collected from 

several references.80,135,235,298 As EC is solid at room temperature, the viscosity is measured at 40°C. 

In this study, we explored the impact of adding MA or EA to a Gen-3 electrolyte containing 

four additives NaODFB+VC+SN+TMSPi. These additives form a good passivation film and exhibit 

excellent performance at both ambient and high temperatures. In the initial stages of the study, 

conductivity improvement and electrochemical stability of EA/MA are explored. Subsequently, 

electrolyte formulations are engineered using this information, and their performance is 

assessed. 

2. Results and discussions 

2.1 Improvement in electrolyte conductivity with ester cosolvents 

In our study, the control electrolyte was prepared as 1M NaPF6 in EC-PC-DMC (1:1:2 by vol 

%). To investigate the effect of ester cosolvents on conductivity, 20% of the solvent blend was 

replaced with MA or EA, creating the blends 20% MA+Control and 20% EA+Control, respectively. 

The bulk ionic conductivity of the control electrolyte was measured at different temperatures 

and is presented in Fig. 5.1, with specific values given in Supplementary Fig. S5.1. At 25°C, the 

conductivity of the control electrolyte was observed to be 11.65 mS/cm, which decreased to 4.75 

mS/cm at -10°C. Remarkably, the addition of 20% MA to the control electrolyte resulted in a 

significant increase in conductivity, reaching 13.65 mS/cm at 25°C and 7.07 mS/cm at -10°C. On 

the other hand, the blend with EA exhibited an intermediate conductivity between the MA-
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containing and control electrolytes, likely due to the higher viscosity of EA (0.416 cP at 25°C) 

compared to that of MA (0.385 cP at 25°C).  

 

Fig.5.1 | Effect of ester based cosolvent on ionic conductivity of electrolyte. Ionic conductivity of the electrolyte 

blends Control (1M NaPF6 in EC-PC-DMC 1:1:2 by vol %), 20%MA + Control (1M NaPF6 in EC-PC-DMC-MA 1:1:2:1 by 

vol %) and 20%EA + Control (1M NaPF6 in EC-PC-DMC-EA 1:1:2:1 by vol %) measured at -10°C, 0°C, 10°C, 25°C, 40°C 

and 55°C.    

In general, cyclic carbonates (such as EC, PC, etc.) have high dielectric constants and high 

viscosity, while linear carbonates (like DMC, EMC, DEC, etc.) possess low dielectric constants and 

low viscosity.80,299,300 Ideally, solvent blends that exhibit both high dielectric constants (more salt 

dissociation) and low viscosity (less drag force experienced by Na-ion) demonstrate high ionic 

conductivity. When the dielectric constant of the solvent blend decreases, ion association can 

occur, leading to reduced ionic conductivity. However, in our case, even though 60% of the 

solvents (40% DMC and 20% MA) have low dielectric constants, we observed an increase in ionic 

conductivity. This phenomenon can be explained by the work of Logan et al.,301 who 

demonstrated that as low as 30% EC is sufficient to prevent ion association, even at high salt 

concentrations. In our study, we used nearly 40% cyclic carbonates (EC-PC), effectively separating 

the anions and cations. As a result, the bulk ionic conductivity of the electrolyte significantly 

increased simply by adding a small amount of low-viscosity cosolvent (MA/EA). In summary, the 

remarkable increase in ionic conductivity observed with the addition of MA/EA is attributed to 
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the low drag force experienced by ions during their migration, which were already well 

dissociated by EC and PC. In the upcoming session, the electrochemical stability of EA and MA 

will be examined in NVPF|HC cells, given their known instability at extreme potentials. 

2.2 Electrochemical stability with inclusion of ester cosolvents at elevated temperature 

The electrochemical stability of the electrolytes containing ester cosolvent was evaluated 

in NVPF|HC cells (Fig. 5.2). Initially, we tested the incorporation of as little as 4% MA/EA without 

any electrolyte additives at a high temperature of 55°C to assess potential degradation. The first 

cycle curves shown in Fig. 5.2 demonstrate the behavior of the electrolytes with ester cosolvents 

alongside the control electrolyte. During the first cycle, we observed an increase in irreversibility 

with the addition of ester cosolvent, indicating a significant loss of Na+ inventory during the 

formation of the interphases. Moreover, the 4% EA + Control electrolyte exhibited more 

irreversible loss than the 4% MA + Control electrolyte. This observation aligns with existing 

literature for lithium-ion batteries (LIBs), where EA and MA are known to have poor 

oxidative/reductive stabilities, likely contributing to the observed irreversibility and poor 

cyclability of the electrolytes containing ester cosolvents in NVPF-HC full cells (potential window 

2- 4.3 V). 

 

Fig. 5.2 | First cycle irreversibility with inclusion of 4%MA or EA in Control electrolyte. Voltage vs. Capacity profile 

for the first cycle of NVPF/HC coin cells using Control, 4%MA + Control and 4%EA + Control electrolyte blends. The 

arrow in the figure represent the irreversible capacity loss in the first cycle.  
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To enhance the electrochemical stability of the MA/EA-containing electrolyte, we added 

a mixture of Gen-3 additives, namely 0.5% NaODFB, 3% VC, 3% SN, and 0.2% TMSPi. For 

simplicity, we denote the resulting electrolyte formulations with these additives as 'MA/EA + Add' 

in their names. The testing protocol at 55°C (detailed in Supplementary Fig. S5.2) commenced 

with 10 cycles at C/5 followed by charging the cell to 4.3 V (100% state of charge) and storing it 

for 1 week at 55°C and then the cycling was resumed. The values of self-discharge (Qdis-11/Qdis-10 

x 100) and recovery (Qdis-12/Qdis-10 x 100) provided quantification of parasitic reactions during 

storage, which can have a negative impact on the cell's calendar life (as described in 

Supplementary Fig. S5.3). Additionally, continuous cycling measured the capacity retention, 

giving insight into the cell's cycle life. Furthermore, the polarization of the cell (∆V) was calculated 

as the average discharge voltage subtracted from the average charge voltage, indicating 

impedance growth within the cell (discussed in Chapter 2, Section 2.1.4). The slippage values of 

the NVPF and HC electrodes indicated any parasitic reactions or mass losses occurring at the 

respective electrodes, and the calculation method for this parameter is described in Fig. 4.7 and 

Fig. 4.8 of Chapter 4. 

 

Fig. 5.3. | Stabilizing the EA/MA cosolvent with Gen-3 additives. Electrochemical performance of NVPF/HC coin 

cells of five different electrolyte blends, Control, 4%MA+Control, 4%EA+Control, 4%MA+Additives, 4%EA+Additives 
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cycled in 55°C oven at C/5 rate. (a) Discharge capacity (%) vs. cycle number for electrolytes. (b) Self-discharge (%) 

and recovery (%) of the cells with electrolytes during the one week storage at 100% SOC. (c) Polarization (ΔV) 

development as a function of cycle number for different electrolytes. (d) NVPF and HC slippage for electrolytes after 

12 cycles.  

In Fig. 5.3a, it is evident that the 4% MA+Add and 4% EA+Add electrolytes retained more 

capacity compared to their counterparts, 4% MA+Control and 4% EA+Control, respectively. The 

presence of additives led to reduced cell polarization (Fig. 5.3c), decreased capacity loss during 

self-discharge (Fig. 5.3b), and lower slippage amplitude of both NVPF and HC electrodes. These 

observations indicate that the additives effectively passivated the electrodes, preventing side 

reactions and resistance growth. 

Interestingly, the behavior of 4% MA+Add closely resembled that of the Control 

electrolyte in terms of capacity retention, cell polarization, self-discharge, and slippage. 

Subsequently, we increased the MA concentration up to 20%, and similar stability at high-

temperature cycling (55 °C) was observed, suggesting that the interphase stability is primarily 

controlled by the additives (Supplementary Fig. S5.4). As a result, we confirmed through 55 °C 

testing that MA is much more stable than EA, and its stability can be further enhanced by using 

the additives. Therefore, our subsequent studies focused solely on the MA cosolvent containing 

the Gen-3 additives. For the sake of comparison, it is worth noting that the same Gen-3 additives, 

when used in the electrolyte without organic esters (MA/EA), exhibited much better stability at 

55 °C (Supplementary Fig. S5.5). This behavior suggests that the observed degradation might be 

associated with the possible degradation of MA at high temperatures. Next, the behavior at 

ambient temperature was studied to evaluate the same parameters.  

2.3 Long term cycling at ambient temperature 

The long-term cycling stability of the MA-containing electrolytes with the Gen-3 additives 

was tested at ambient temperature (~25°C) using the same cycling protocol described in 

Supplementary Fig. S5.2. Fig. 5.4a and Fig. 5.4c illustrate the discharge capacity and cell 

polarization evolution with cycles for the Control, 4% MA+Add, and 20% MA+Add electrolytes. 
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Notably, all cells containing additives displayed better capacity retention and less polarization 

compared to cells based on our Control electrolyte. 

 

Fig. 5.4 | Ambient temperature cycling of electrolyte with MA + Gen-3 additives. Electrochemical performance of 

NVPF/HC coin cells of three different electrolyte blends, Control, 4%MA+Additives, 20%MA+Additives, cycled at 

ambient temperature with C/5 rate. (a) Discharge capacity (%) vs. cycle number for electrolytes. (b) Self-discharge 

(%) and recovery (%) of the cells with electrolytes during the one week storage at 100% SOC. (c) Polarization (ΔV) 

development as a function of cycle number for different electrolytes. (d) NVPF and HC slippage for electrolytes after 

150 cycles.  

After one week of storage, the recovery (Fig. 5.4b) was the lowest for the Control 

electrolyte, while it was comparable for the electrolytes with additives, regardless of the amount 

of MA. Additionally, the slippage of the NVPF and HC electrodes, plotted after 150 cycles (Fig. 

5.4d), exhibited the same trend, and more slippage was observed for the electrolyte without 

additives. The recovery (after one-week storage at 100% state of charge) and slippage (calculated 

after 150 cycles) provide a qualitative comparison of the cell's calendar life and cycle life, 

respectively. Interestingly, there was a similar degradation for both 4% and 20% of MA, further 

confirming that the additives play a crucial role in forming the stable interphase. 
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At this stage, the role of additives has been predominantly observed, while the function 

of the MA cosolvent remains unclear. To gain more insights into this issue, the cycling behavior 

of the MA-containing electrolytes was tested at low temperatures to enhance the effect of 

electrolyte resistance. 

2.4 Cosolvents in action: Low temperature behavior 

Fig. 5.5a and Fig. 5.5c display the discharge capacity and polarization (ΔV) evolution for 

cells with different electrolyte formulations: Control, Add (with Gen-3 additives and no ester 

cosolvent), 4%MA+Add, and 20%MA+Add at 0°C. At a C/5, the capacity of all cells is comparable, 

but the trend for polarization is different, with the order being "Add > 4%MA+Add > 20%MA+Add 

> Control." Fig. 5.5b shows the charging profile of the cells, and the inset highlights the cell with 

Add electrolyte (red curve), which exhibits signs of sodium plating during charging and stripping 

during discharge. This is more evident in the dQ/dV charging profiles shown in Fig. 5.5d, which 

clearly display the signature of sodium plating and stripping.  

 

Fig. 5.5 | Low temperature behavior of MA based electrolyte. Electrochemical performance of NVPF/HC coin cells 

of four different electrolyte blends, Control, Additives,  4%MA+Additives, 20%MA+Additives, cycled at 0°C with C/5 
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and C/3 rate. (a) Discharge capacity (%) vs. cycle number for electrolytes. (b) Voltage vs. Q-Q0 profile of the second 

cycle. (c) Polarization (ΔV) as a function of cycle number for different electrolytes. (d) dQ/dV vs. V of the second cycle 

represented in (b). 

As the charging rate increases to C/3, the polarization trend (Fig. 5.5c) remains the same 

but with a higher magnitude. The cells with higher polarization result in less capacity due to an 

early hitting of the cut-off voltage, and the trend of capacity changes to "Control ∼ 20%MA+Add 

> 4%MA+Add > Add." Notably, the 20% MA-containing electrolyte is very effective in reducing 

polarization and achieving higher capacity at C/3 without any signs of sodium plating, unlike the 

cells with only additives (Add). 

Previously, in LIBs, it was claimed that the high conductivity coming from MA reduces the 

concentration polarization at the negative electrode interphase and, consequently, reduces the 

chances of metal plating. To investigate whether the same is true for NVPF|HC sodium-ion cells, 

we studied the impedance behavior of cells containing different electrolyte formulations, with or 

without MA cosolvent. 

2.5 Charge transfer identification  

A challenge in impedance analysis lies in accurately identifying the resistances associated 

with ionic/electronic transports, cell components, and electrode/current collector interfaces 

from the charge transfer resistance. To address this challenge, we employed the strategy of 

blocking and non-blocking electrode states, which has been reported elsewhere.178 During 

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS), in the blocking state, there is no 

sodium insertion/extraction from the electrodes, but sodium migration occurs in the electrolyte 

due to the voltage pulse.302 Conversely, in the non-blocking state, there is sodium 

insertion/extraction in electrodes as well as sodium migration in the electrolyte. We designated 

the blocking state as 0% state of charge (SOC), and for convenience, the non-blocking state was 

chosen as 100% SOC. 

Fig. 5.6a displays the impedance plot of the NVPF-HC cells in both blocking and non-

blocking states at 25°C. Cells in the blocking state exhibit only one semi-circle at high frequencies, 

while cells in the non-blocking state show two semi-circles at both high and low frequencies. A 
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similar nature of impedance spectra has been observed in lithium-ion cells.178 In this case, the 

low-frequency semi-circle in the non-blocking state corresponds to the charge transfer 

resistance, while the high-frequency semi-circle corresponds to all the other resistances. Notably, 

when the temperature is lowered to 0°C (Fig. 5.6b), the relation between blocking and non-

blocking states remains the same, but there is a significant increase in the charge transfer semi-

circle and a slight increase in the other resistances. This crucial information indicates that at low 

temperatures, the charge transfer impedance becomes the primary factor contributing to the 

overall cell impedance. 

 

Fig. 5.6 | Separating charge transfer resistance. Electrochemical impedance spectroscopy in blocking and non-

blocking configuration of the NVPF/HC cells containing electrolyte with additives at (a) ambient temperature and (b) 

0°C with equivalent circuit model for non-blocking configuration. The scale of the X and Y-axis are in 1:1 ratio and 

the electrode area is 1.267 cm2.  

The impedance model and details of the corresponding resistances are provided in Fig. 

5.6b inset and Supplementary Fig. S5.6. Rs (solution resistance) combines the electrode 

electronic resistance and the electrolyte ionic resistance. On the other hand, Rcontact cumulates 

all the coin cell contacts and the Constant Phase Element (CPE) parallel to it represents the 

imperfect capacitive behavior from the interfaces at those contacts. Lastly, the desolvation of 

Na+, its travel across the interphase, and its entry into the electrode particle are denoted as Rcharge 

transfer, while the CPE parallel to it represents the double layer capacitance at the electrode 

interface. 



 

 

153 Chapter 5 | Harnessing High Power and Low Temperature Performance Using Methyl Acetate Cosolvent. 

  

To compare the charge transfer resistance, we examined four electrolytes: Control, Add, 

4%MA+Add, and 20%MA+Add. The impedance measurements were conducted using a protocol 

that involved two cycles at different temperatures: 55°C, 40°C, 25°C, and 10°C, respectively. 

During these cycles, Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was 

performed at 100% state of charge (SOC) for each electrolyte. Fig. 5.7 displays the impedance 

curves at various temperatures for the different electrolytes. It is important to note that we 

began to observe the charge transfer resistance only at 25°C, marked by the rectangles in Fig. 

5.7. For our system, temperatures higher than 25°C presented challenges in fitting the data and 

obtaining reliable charge transfer resistance values. Therefore, the impedance curve of the 

electrolytes at 25°C and 10°C was fitted, and the values of Rs (solution resistance), Rcontact (contact 

resistance), and Rcharge transfer (charge transfer resistance) are provided in Supplementary Fig. S5.7. 

 

Fig. 5.7 | Charge transfer evolution with inclusion of additives and MA. Electrochemical impedance spectroscopy 

in non-blocking configuration and 100% SOC of the NVPF/HC cells containing four different electrolytes, namely 

Control, Additives,  4%MA+Additives, 20%MA+Additives at  55°C, 40°C, 25°C and 10°C. Scale of X and Y-axis are not 

in 1:1 ratio and electrode area is 1.267 cm2.  
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At 10°C, the charge transfer resistance values in Fig. 5.7 were as follows: Control (14.4 Ω, 

lowest), Add (75.28 Ω, highest), 4%MA+Add (42.24 Ω), and 20%MA+Add (33.45 Ω). The addition 

of MA cosolvent resulted in a decrease in charge transfer resistance to almost half the value (from 

75.28Ω for Add to 33.45 Ω for 20%MA+Add). There are two possible reasons that could account 

for this decrease in charge transfer with MA. Firstly, MA increases the ionic conductivity of the 

electrolyte, leading to less depletion of sodium ions from electrode interphases during the 10mV 

voltage pulse of PEIS. This leads to fast sodium migration in electrolytes with MA compared to 

electrolytes without MA. Secondly, MA could participate in the primary/secondary solvation 

sheath of sodium, altering the (de)solvation energy during insertion/extraction. 

Phenomena of decrease in drag force or increase in ionic conductivity (due to lowering of 

viscosity) and change in solvation shell are complex and intertwined, making it difficult to 

differentiate which of them is affecting the charge transfer and to what extent. Further 

investigation and analysis are required to gain a comprehensive understanding of the specific 

contributions of MA to the improved charge transfer in the electrolyte. 

Conclusively, it seems here that Control electrolyte is the best choice for high power and 

low temperature commercial applications. However, the total cell resistance (Rcharge transfer + 

Rcontact) for temperatures equal to or higher than the 25 °C is the largest for the Control electrolyte 

(Fig. 5.7). Also, the stability of the electrolyte at ambient temperatures is the least for Control 

electrolyte (Fig. 5.4a). Moreover, control electrolyte cannot be used as it can lead to unwanted 

parasitic reactions, excessive gas generation, and consequently, CID breaking when cycled at 55°C 

for just 28 cycles, as discussed in Fig. 3.1 of Chapter 3. Finally, it was convenient to use additives 

that will increase the cell lifetime at ambient/high temperatures and reduce the impedance at 

low temperatures, as done in the case of MA cosolvent. This approach provides a good 

.compromise between high-power performance and stability under various operating conditions. 

On this note, next, we try to check the effect of MA on the power performance of commercial 

18650 type NVPF|HC cells containing additives. 
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2.6 Commercial implementation in 18650 cells: Power performance and High temperature 
stability 

As discussed before, MA cosolvent reduces the charge transfer resistance and increases 

the ionic conductivity, which enhances Na-ion conduction at low temperatures. However, at 

room/high temperatures and slower cycling rates (C/5), the improvement in electrolyte 

conductivity does not have a significant impact on performance (Fig. 5.1-5.7). 

To further investigate the effect of MA on cycling performance, NVPF|HC-based dry 18650 

cells from TIAMAT were filled with either a control electrolyte (with no additives) or 20% MA+Add 

electrolyte. Impedance analyses were carried out at 25°C at 100% SOC (Fig. 5.8a) and 50% SOC 

(Supplementary Fig. S5.8), showing relatively lower impedance for cells containing 20% MA+Add 

electrolyte, in line with the coin cell experiments at 25°C and 4.3 V (Fig. 5.7). 

 

Fig. 5.8 | Power performance in NVPF|HC 18650 cells. The electrochemical performance of cylindrical 18650 

NVPF/HC cells filled with Control or 20%MA+Add electrolytes (a) Impedance spectra taken at 100% SOC or 4.3V of 

the cell at 25 °C. (b) Charge profiles at C/5 and 25 °C. (c) Charge profiles at 5C and 25 °C with inset containing cell’s 

average polarization at different rates. (d) Rate behavior of the Control electrolyte in absolute capacity vs. cycle 

number (e) Rate behavior of the 20%MA+Add electrolyte in absolute capacity vs. cycle number (f) Rate comparison 

of Control and 20%MA+Add electrolytes in terms of charge capacity(%) vs. cycle number.  
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Fig. 5.8b compares the initial cycles at C/5, and the 20% MA+Add electrolyte shows a 

higher reversible capacity than the Control, indicating less electrolyte decomposition during 

formation cycles. However, the cycling profile of the 20% MA+Add electrolyte exhibits an average 

polarization of about 85 mV, with a higher voltage gap observed in the low voltage region (<3.6 

V) compared to the high voltage region (>3.6 V). As the cycling rates increase, the voltage gap 

between charge and discharge also increases (inset of Fig. 5.8c), reaching a maximum of about 

270 mV at 5C rate for both Control and 20% MA+Add electrolytes. The cycling profile in Fig. 5.8c 

shows nearly similar polarization for both electrolytes, but with slightly less capacity for the 

Control, possibly due to the initial poor capacity after the formation. 

In Fig. 5.8d and Fig. 5.8e, capacity retention for Control and 20% MA+Add electrolytes is 

shown at different rates. Fig. 5.8f illustrates charge capacity retention as a function of rate. Slow-

rate cycling (C/5: D/5) was used to mitigate heat during fast cycles. Transitioning from C/5 to 3C 

showed a significant capacity difference between Control and 20% MA+Add. However, the 

difference reduced at 4C and 5C (Fig. 5.8f). At 5C, Control retained 79%, while 20% MA+Add 

retained up to 84%. Both exhibited good rate capabilities, around 80% retention at 5C. The 20% 

MA+Add electrolyte showed better cycling stability, recovering 98% at C/5, compared to 

Control's 96% (after the 31st cycle in Fig. 5.8f). 

 

Fig. 5.9 | High temperature stability of NVPF|HC 18650 cells. a) Capacity retention of the cells containing Control 

and 20%MA+Add electrolytes at 45 °C with the b) corresponding cycling profiles for 1- 25 cycles 
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Furthermore, at high temperature (45°C), the 20% MA+Add electrolyte shows better 

stability, retaining 97.5% of its initial capacity after 25 cycles, compared to 94.8% retention for 

the Control electrolyte (Fig. 5.9a). The cycling profile at 45°C also reveals reduced 

charge/discharge endpoint slippage (Fig. 5.9b) for the 20% MA+Add electrolyte, indicating less 

parasitic reactions and better interphase stability. These points to an enhanced cycle life at high 

temperature. The long cycling performance at 25°C using fresh 18650 cells with 20% MA+Add 

electrolyte confirms its stability at ambient temperatures, as indicated in Supplementary Fig. 

S5.10. Overall, the 20% MA+Add electrolyte shows promising improvements in both rate 

capability and cycling stability, making it a viable option for enhancing the power performance 

and high temperature performance of NVPF-HC sodium-ion cells. 

 

Fig. 5.10 | Summary of the relative comparison of the different observables that are the key for evaluating battery 

performance and safety. Control is the mother electrolyte, Add is the electrolyte containing Gen-3 additives and 

20% MA+Add is the electrolyte containing both Gen-3 additives as well as MA cosolvent.  
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Fig. 5.10 summarizes the studied test parameters, comparing electrolyte properties at 

different temperatures for three types: Control, Additives (Add), and 20%MA cosolvent with 

additives (20%MA+Add). The Control electrolyte performs well at low temperatures and high 

power, but its cycling stability at medium/high temperatures is poor, making it less favored. The 

'Add' electrolyte exhibits high cycling stability at medium/high temperatures, suitable for high-

temperature applications, but its power performance and low-temperature applications are 

limited due to interphase resistance. The MA+Add electrolyte shows balanced properties with 

good low-temperature performance, relatively better power performance, and cycling stability. 

It demonstrates the suitability of the MA cosolvent for improved power and low-temperature 

applications, though high-temperature performance is a bit compromised.  

Indeed, upon comparing the area occupied by the electrolyte at all temperatures, the 20% 

MA+Add stands out with the maximum area. This suggests that it is the most suitable electrolyte 

for all climate conditions, outperforming both the Control and Add electrolyte. 

2.7 Limitations of the MA containing electrolyte 

It is essential to note that MA has a very low flash point (-10°C) and boiling point (57.1°C), 

causing rapid evaporation even at ambient temperatures. At higher operating temperatures 

(40°C or 55°C), the partial pressure of MA inside the cell can increase, leading to an overall 

pressure rise. A detailed study on this aspect is still lacking. 

Furthermore, the low flash point presents challenges during electrolyte filling in cells, as 

MA can evaporate at ambient temperature unless handled with care, particularly in automated 

cell assembly lines. An experiment with the 20% MA+Control electrolyte exposed to the glovebox 

atmosphere revealed a significant 60% weight loss of MA due to solvent evaporation in just one 

hour (Fig. 5.11). This indicates the care that has to be taken during filling of the electrolyte.  
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Fig. 5.11 Weight loss (%) of different electrolytes due to evaporation, which were exposed to glovebox environment. 

Electrolyte formulations were containing 1M NaPF6 in different solvent, namely EC-PC 1:1 by vol %, EC-PC-DMC 1:1:2 

by vol %, EC-PC-DMC-MA 1:1:2:1 by vol %. The difference in weight loss between EC-PC-DMC and EC-PC could be 

attributed to evaporation of DMC alone. Similarly, the difference in weight loss between EC-PC-DMC and EC-PC-

DMC-MA can be attributed to evaporation of MA alone. Weight % of MA in the electrolyte is 12%.   

 These practical challenges necessitate meticulous consideration when employing the MA 

cosolvent at an industrial scale. To guarantee the secure and effective utilization of the MA 

cosolvent in real-world applications, appropriate safety protocols and handling procedures must 

be established. Alternative cosolvents, such as propionitrile and i-Butyronitrile, characterized by 

high flash points, could be investigated. These cosolvents demonstrate low viscosity and have 

been noted for their notable high-temperature stability. 
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3. Conclusions for the Chapter 

The Chapter begins with the introduction of Methyl Acetate (MA) and Ethyl Acetate (EA) as 

potential cosolvents to enhance the performance of Gen-3 electrolyte, specifically in terms of 

low temperature and high power. The low viscosity and low melting point of MA/EA are attractive 

attributes. However, EA was found to be less stable than MA at high temperatures, and efforts 

to stabilize it were unsuccessful. Thus, the study continued with manipulating MA in the 

electrolyte, incorporating 4% and 20% MA. The ambient temperature performance of these 

formulations was found to be superior to the control electrolyte. However, the formulation with 

20% MA plus additives showed less stability than the additive-only electrolyte. 

At low temperatures, the inclusion of MA led to a decrease in polarization and realization of 

higher capacity than additive-only electrolyte. Notably, 20%MA+Add did not show any signs of 

plating, unlike the Add electrolyte. The impact of MA on charge transfer resistance was studied, 

with 20%MA+Add showing significantly less resistance at 10°C. The 18650 type cell format 

comparison revealed that 20%MA+Add showed less impedance, lesser polarization, high power 

performance, and high-temperature stability compared to the control electrolyte. 

A radar plot presented in the last part of the Chapter compares all the analyzed parameters 

for low, medium, and high temperatures. While the control electrolyte has more benefits at low 

temperatures, the electrolyte with additives has clear advantages at ambient and high 

temperatures. With the inclusion of MA, a single electrolyte with the best average performance 

at all temperatures is achieved, especially superior power and low-temperature performance. 

The low boiling point and flash point of MA present challenges in practical systems, but these can 

be managed through efficient engineering. 

This conclusion encapsulates the key findings and insights from the Chapter, highlighting the 

potential of MA as a cosolvent to enhance the performance of Gen-3 electrolyte across various 

temperature ranges and power requirements. The study demonstrates the feasibility of MA in 

practical systems, acknowledging the challenges and proposing engineering solutions. 
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1. Background and Motivation 

The thesis has progressed through several Chapters, exploring cell deterioration pathways 

and solutions to improve stability and performance. Chapter 1 and Chapter 2 primarily 

introduced the Na-ion system, with a particular emphasis on the NVPF|HC chemistry, and 

highlighted strategies for analyzing cell degradation. Chapter 3 focused on studying the stability 

of the positive electrode Na3V2(PO4)2F3 (NVPF) in terms of vanadium dissolution, associated 

structural/microstructural changes, and SEI or hard carbon (HC) poisoning. In Chapter 4, an 

electrolyte formulation with Gen-3 additives was proposed to stabilize the interphase at both 

ambient and high temperatures. This led to the suppression of parasitic reactions, enabling the 

successful implementation of the proposed electrolyte in 18650 cells without gassing and CID 

break at 55°C. In Chapter 5, the issue of high impedance at low temperatures in the Gen-3 

electrolyte was addressed by incorporating a methyl acetate co-solvent. This modification not 

only resolved the low-temperature impedance problem but also improved power performance. 

The current Chapter (Chapter 6) focuses on a specific type of SEI degradation caused by a high 

potential surge of the negative electrode during the specific application of 0V storage of the full 

cell. The following paragraphs introduce the importance of 0V storage or over-discharge 

protection.  

Rechargeable Li-ion batteries (LIBs) have become indispensable in today's world due to their 

numerous advantages - affordability, high voltage, exceptional energy density, and long 

cycle/calendar life. As a result, they find wide-ranging applications, from powering portable 

electronics to driving electric vehicles and enabling smart grids. However, with their flammable 

liquid electrolytes posing safety risks, LIBs have been classified as "dangerous goods" by the 

International Civil Aviation Organization (ICAO) and the United Nations Economic Commission for 

Europe (UNECE).303 Consequently, there are strict restrictions on their storage and 

transportation, with a recommended maximum state of charge (SOC) of 30% to ensure safe 

shipping.82 

Over the past 15 years, despite extensive testing and safety regulations, there have been 

approximately 354 reported incidents304 of fire, smoke, or explosion involving LIBs during cargo 
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or air transportation. Some of these incidents were triggered by unintentional external shorts of 

the battery cells. This external short circuit occurs when the cell's voltage drops to 0 V, causing 

the negative electrode to be pushed to high potentials to match the positive electrode's 

potential. During this process, the copper current collector in the negative electrode also reaches 

a high potential, leading to oxidation (Fig. 6.1a) and subsequent Cu-dissolution. This 

phenomenon can further lead to Cu plating, dendrites formation, and consequently, internal 

shorts in a practical full cell.305,306 These internal shorts will lead to thermal runway and safety 

hazards. 

 

Fig. 6.1 | Oxidative stability of Cu and Al current collectors in Li and Na-electrolytes, respectively. The cyclic 

voltammogram were measured in Swagelok type three electrode cells for two different cell configurations namely, 

(a) Cu // 1M LiPF6 in PC // Li with lithium metal as reference electrode and (b) Al // 1M NaPF6 in PC // Na with sodium 

metal as reference electrode. The CV curves in the figure shows that the onset of Cu oxidation starts around ~3.5 V, 

whereas the Al foil in the sodium electrolyte is stable towards oxidation up to 4.5V or more.  

From another perspective, in real-world scenarios, the effects of self-discharge can become 

significant, especially for applications like back-up energy storage or military use, where batteries 

might remain idle for extended periods, possibly years. Without proper management via battery 

management system (BMS), this situation could lead to over-discharge conditions, particularly at 

elevated temperatures.307–309 A similar concern arises in electric vehicles parked with low State 

of Charge (SOC) levels for long durations, especially in high-temperature environments exceeding 
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40°C.310 In such cases, the batteries can actually experience over-discharge, significantly 

impacting their overall lifespan. Ensuring adequate management and control of these factors is 

crucial in maintaining battery health and extending their operational life in various applications. 

In contrast, Na-ion batteries (NIBs) utilize an aluminum (Al) current collector, which proves 

to be significantly more stable than Cu towards oxidation (Fig. 6.1b). This is because sodium does 

not form an alloy with aluminum, unlike lithium.59,311 Therefore, research papers and a patent 

from Faradion Limited suggest that their NIBs, incorporating sodium transition metal layered 

oxide as the positive electrode and hard carbon as the negative electrode, can be safely 

transported in the shorted (0 V) state.312,313 This promising feature potentially mitigates the 

safety concerns associated with short-circuit incidents during shipping and handling of batteries. 

From fundamental point of view, few crucial questions arise: Is the stability of the current 

collector the sole determining factor for the 0 V stability of the cell? Additionally, apart from the 

layered oxide chemistry used by Faradion, what will be the behavior of NVPF|HC cells towards 

0V storage? Moreover, it is necessary to compare the degradation rate of LIBs to that of NIBs 

when faced to 0V storage. Therefore, the next session starts with studying the consequence of 

0V storage on well-known LIB chemistries.  

2. Results and Discussion 

2.1 Benchmarking the Li-ion system 

To investigate the 0 V behavior of LIBs, we assembled coin-type cells using 

NMC811|graphite (2-4.2V) and LFP|graphite (2-4V) with Al and Cu serving as the positive and 

negative electrode current collectors, respectively. The cycling stability of these cells during 0 V 

hold was rigorously tested using a harsh cycling protocol (Fig. 6.2). This procedure entailed 

cycling the cells to 5 cycles within the standard voltage range for cycling, followed by discharging 

and maintaining it at 0 V for either 24 hours or 72 hours (referred to as 0 V hold). The process 

was then repeated every 5 cycles until the cell's capacity is exhausted. For fair comparison, cells 

without any 0 V hold were also tested. 
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Fig. 6.2 | The testing protocol used for studying the 0V stability of Na-ion cells. The cell is cycled for 5 cycles to 

form a stable SEI and CSEI and then discharged to 0V and stored at 0V for 24h or 72h. The same protocol is repeated 

and the capacity retention with 0V hold is compared with cells that cycled between 2- 4.30 V without any 0V 

discharge. The testing protocol is quite harsh, however in real-life applications, the cells may not be undergoing 

repeated 0V discharge and storage as done here. 

After applying the mentioned (Fig. 6.2) cycling protocol for NMC811|graphite and 

LFP|graphite cells, we observed a temporary gain in discharge capacity (for every 5th cycle of hold 

in Fig. 6.3a and Fig. 6.3b) during 0 V hold. However, upon subsequent cycling, the capacity 

gradually decreased, and the cells with 0 V holds exhibited a faster capacity decay compared to 

the cells without such holds. For NMC811-graphite cells, they rapidly failed after three 0 V holds, 

while LFP-graphite cells endured six 0 V holds before showing signs of deterioration. This 

indicates a relatively slower degradation rate for the LFP-based cells in comparison. 
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Fig. 6.3 | Stability of NMC811|graphite and LFP|graphite at zero volt. Discharge capacity vs. cycle number of (a) 

LiNMC811- Graphite cycled in 2-4.2V for normal cycling and (b) LFP- Graphite cells cycled in 2-4V for normal cycling. 

Three different cycling conditions were compared for cells cycled without any 0V holding, with 24h and 72h holding 

for every 5 cycles. Cycling profile of (c) LiNMC811- graphite and (d) LFP- graphite in three electrode cell assembly 

where lithium metal is used as the reference electrode. 

To investigate this difference, we constructed three-electrode cells using Li-metal as the 

reference electrode, allowing us to monitor the cycling behavior of each electrode 

independently. Notably, during the cycling of the NMC811-graphite cell, the potential of the 

graphite electrode surged to 3.53 V vs. Li/Li+ when cell voltage reached 0 V. This high potential 

triggered the oxidation-driven dissolution of copper, which was visually observed on the 

separator when the cell was disassembled (Supplementary Fig. S6.1). The dissolved copper could 

then undergo reduction/oxidation, resulting in metallic deposits on both the negative and 
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positive electrodes. These deposits have the potential to damage the electrode-electrolyte 

interphase, leading to rapid capacity loss and eventual cell failure. Moreover, in cases where 

multiple over-discharges to 0 V occur, the deposited copper can form dendrites, creating internal 

shorts314 and potentially leading to thermal runaway, a critical safety concern.  

In contrast, the graphite potential in LFP-graphite cells exhibits a lower value, 

approximately 3.2 V vs. Li/Li+, during 0 V hold (as shown in Fig. 6.3d). Consequently, the initial 

degradation in LFP-graphite cells during 0 V holds is probably related to the degradation of the 

interphases. However, with repetitive 0 V storages, larger cell polarization occurs (Fig. S6.3), 

leading to a higher potential surge of the graphite electrode and subsequent copper dissolution, 

as mentioned earlier. In summary, both NMC811|graphite and LFP|graphite cells, utilizing Cu as 

a current collector for graphite, demonstrate a rollover-type failure (sudden cell death)315–317 

after a few 0 V holds and cycling. Next, we will delve into Na-ion system.  

2.2 Na-ion cells at 0V: Exploring the degradation mechanism  

2.2.1 SEI decomposition and regrowth 

The NVPF|HC full cell cycling stability in 2032 coin-type cells, using the same 0V hold 

protocol as previously stated (Fig. 6.2), is presented in Fig. 6.4a, alongside a similar cell tested 

without 0 V hold. The normalized cell polarization evolution for all cells is depicted in Fig. 6.4b. 

The cells with 0 V hold exhibit faster capacity degradation (Fig. 6.4a) and an increase in cell 

polarization (Fig. 6.4b). However, it is important to note that there is no occurrence of a sudden 

cell death or rollover failure, as observed with Li-ion batteries (Fig. 6.3). This distinction indicates 

a different failure mechanism and behavior for NVPF|HC cells under these conditions. 

Simultaneously, the three-electrode measurements using Na3V2(PO4)3 (NVP) at 50% SOC 

as the reference electrode in Fig. 6.4c reveal that the hard carbon potential rises to 3.67 V vs. 

Na/Na+ (approximately 0.96 V vs. standard hydrogen electrode (SHE)) while discharging the 

NVPF|HC cell to 0 V (Fig. 6.4c). Notably, this potential is higher compared to the potential 

observed for NMC811|graphite cells (3.53 V vs. Li/Li+, approximately 0.49 V vs. SHE). This 

observed stability of NVPF|HC cells with repeated 0 V holds, in contrast to Li-ion cells, could 
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potentially be attributed to the stability of the Al current collector, which remains stable up to 

4.5 V vs. Na/Na+ in PF6
− based electrolytes (Fig. 6.1b).  

 

Fig. 6.4 | Stability of NVPF|HC cells at 0V. (a) Capacity retention (%) and (b) normalized polarization as a function 

of cycle number of NVPF-HC cells using 1M NaPF6 in EC-PC-DMC electrolyte. Cell formation with two cycles was done 

at 55°C leading to 25% irreversible loss in the first cycle. (c-d) Cycling profile of NVPF-HC Na-ion cells in three 

electrode set-up using NVP at 50%SOC as reference electrode, (c) during 0V discharge with 24h holding at 0V and 

(d) on subsequent charge. The actual potentials were calculated vs NVP and converted vs Na/Na+ using the 

conversion factor xV vs NVP= (x+ 3.37) V vs Na/Na+, as NVP reference electrode is used at 3.37 vs Na/Na+. 

In Fig. 6.4a, we observe a notable increase in discharge capacity after each 0 V hold for 

24 hours or 72 hours. This capacity increase during 0 V holding surpasses what we typically see 

for 2 V or 1 V holding (Supplementary Fig. S6.2). This indicates that the capacity rise during 0 V 

hold is not solely attributed to Na+ diffusion kinetics. Surprisingly, holding the cells at -1 V leads 

to an even higher capacity increase, suggesting more Na-insertion into the NVPF structure 

(Supplementary Fig. S6.3). It's worth mentioning that the maximum capacity increase observed 
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is equivalent to the first cycle irreversibility of the NVPF|HC cells (the maximum amount of 

sodium re-inserted into the NVPF structure does not exceed 3). Since there is no extra Na-

inventory in a full cell, we expect that the hard carbon is fully de-sodiated at this potential (full 

cell voltage of ∼2 V or less) and the observed gain in capacity (Na+ to insert into NVPF) must be 

related to the SEI decomposition. Additionally, our cyclic voltammetry studies (Supplementary 

Fig. S6.4) validate that the formed SEI exhibits poor oxidative stability and begins to oxidize above 

2.5 V (vs. Na/Na+). Upon recharge (Fig. 6.4d), the gained 12mAh/g is lost from the HC electrode 

as the SEI reforms, which is evident from the discharge curve of the HC electrode. 

Indeed, the claims regarding SEI decomposition and regrowth, based on the observed 

extra capacity during 0 V hold and its subsequent loss in the next cycle, should be substantiated 

with additional experiments. These experiments will be discussed in detail in the subsequent 

section of our study. 

2.2.2 Impedance tracking: Supplementary “SEI decomposition and regrowth”  

Impedance spectroscopy was then employed to investigate the dynamics of the SEI during 

0 V hold. The NVPF|HC cell with control electrolyte was cycled and impedance spectra were 

collected before each charge and discharge at 2 V with intermittent 0 V-hold for 24 h (Fig. 6.5a) 

repeating every cycle. Our focus was primarily on analyzing the impedance spectra obtained at 2 

V to minimize the impact of charge transfer resistance and solely monitor changes related to the 

interphase film and contacts resistances (Supplementary Fig. S6.5).  

To illustrate the dynamics of the SEI during 0 V hold, impedance spectra were recorded 

before and after each 0 V hold, as well as one cycle after the 0 V hold (Fig. 6.5b- Nyquist plot and 

Supplementary Fig. S6.6 Bode plot). The semicircle part of the impedance spectra is crucial for 

tracking the SEI film resistance, which was fitted using the model shown in the inset of Fig. 6.5b 

(left) and represented by dots on the impedance curves. The measured resistances before 0V 

hold, after 0 V hold, and one cycle after 0 V hold, are defined as (RB), (RD), and (RR), respectively. 
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Fig. 6.5 | Impedance evolution in NVPF|HC cell during SEI decomposition and regrowth. (a) The cycling condition 

followed to study the impedance spectra where the impedance analysis was carried out at 2V before 0V hold (RB), 

charge after 0V hold (RD) and the next cycle (RR). The spectra in (b) cumulate these impedance spectra after 1(left), 

3(middle) and 5(right) holds at 0V for 24h. The equivalent circuit model is represented in inset of left figure in (b). 

The dots on the semicircle part of the impedance curves are from the fitted data while the solid line represents the 

experimental data. (c) The impedance value was obtained by fitting the spectra using the equivalent circuit shown 

in (b). In this regard, note that the RR for nth cycle becomes the RB for the (n+1)th cycle and so on. The decrease in 

impedance during 0V hold is shown as 'dissolution' and the increasing impedance during SEI reformation is 

mentioned as 'regrowth' in the figure. 

The interphase resistances, calculated using the equivalent circuit in Fig. 6.5b inset (left), 

are shown in Fig. 6.5c as a function of the number of 0 V hold cycles. During the 0 V holds, there 

is a decrease in interphase film resistance (RD < RB), indicating interphase degradation and 
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dissolution. After the subsequent cycle, the resistance increases (RB < RR), indicating interphase 

reformation. This observed trend RD < RB < RR throughout all the holds confirms the interphase 

dissolution-reformation mechanism, with resistance increasing during the reformation step.  

However, this repeated sequence is detrimental to the cell's performance, leading to a 

significant impedance rise, approximately a 40% increase in resistance between the first and fifth 

0 V hold. The analysis of the electrode materials (HC and NVPF) after impedance using XRD and 

SEM (Supplementary Fig. S6.7 and Fig. S6.8) indicates less modification at the bulk material level. 

Therefore, the observed degradation mainly arises from interphase instability. Next, we tried to 

study these interphases using XPS technique.  

2.2.3 XPS analysis: Supplementary “SEI decomposition and regrowth”  

To investigate the evolution of the interphase during the 0 V hold process separately in the 

positive and negative electrodes, we conducted X-ray photoelectron spectroscopy (XPS) on the 

NVPF and HC electrodes. The XPS spectra of the NVPF pristine and cycled electrodes 

(Supplementary Fig. S6.9) at different stages of the 0 V hold process showed no significant 

changes, indicating the absence of major alterations in the cathode solid electrolyte interphase 

(CSEI) during the 0 V hold. This can be explained by the fact that the NVPF electrode is maintained 

at approximately 3.67 V (as shown in Fig. 6.4c) during the 0 V hold of the NVPF|HC cell, at which 

the CSEI is likely stable against oxidation/reduction. 

In contrast, XPS analysis of the pristine HC electrode and cycled electrodes at different 

points indicated in Fig. 6.6a revealed substantial variations (Fig. 6.6ab). This demonstrates that 

the observed changes in the interphase during 0 V hold primarily stem from SEI decomposition 

and reformation. As the SEI is known to consist of organic and inorganic components,318 XPS helps 

us to understand the evolution in the composition of the SEI throughout a cycle, shedding light 

on which components are involved in its decomposition and reformation processes.  
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Fig. 6.6 | Interphase evolution in NVPF|HC cell during SEI decomposition and regrowth analyzed by XPS. XPS 

analyses of the HC electrodes recovered at different states of NVPF-HC cell cycling as per the points mentioned in 

(a). The C1s, F1s and P2p for all the electrodes are cumulated in (b). There is no P components in the pristine 

electrode and hence not included in this image. (c) Histogram showing the relative amount of organic and inorganic 

components of SEI during formation, degradation/dissolution (0V hold) and reformation (one cycle after 0V hold). 

Noteworthy, the intensity of HC spectrum is less seen whenever there is a SEI growth. Hence, the quantifications of 

SEI components were done by normalizing C1s peak area of HC as 10 in all the spectra (Table S1). 
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The XPS spectra of the pristine electrode shown in Fig. 6.6b(i) exhibit peaks corresponding 

to HC and PVDF binder (C and F). After the formation cycle Fig. 6.6b(ii), additional peaks emerge 

due to C-O, –CH2, and NaF, along with decomposed species of NaPF6 (-POFx and -POy). These 

additional peaks indicate that the SEI is composed of both organic (C1s) and inorganic (F1s and 

P2p) components. In Fig. 6.6b(iii)) and the quantification results in Fig. 6.6c (Supplementary 

Table S6.1), it is evident that the SEI undergoes degradation and dissolution during the 0 V hold, 

affecting both the organic and inorganic components.80,143 Upon the subsequent cycle (Fig. 

6.6b(iv)), reformation of the SEI is observed, and Fig. 6.6c shows that the intensity of both organic 

and inorganic components is much higher compared to the initial SEI observed during the 

formation cycle. This confirms the thickening of the SEI layer during the reformation step. 

 

Fig. 6.7 | Schematic showing the SEI formation, decomposition during 0V hold, and reformation on subsequent 

cycle. 

Based on all the observations presented, we propose the reaction scheme for the 0 V hold 

process, as shown in Fig. 6.7. During the 0 V hold, a portion of the SEI oxidizes, decomposes, and 

dissolves, simultaneously releasing Na+ ions to insert into the NVPF structure. Upon subsequent 

charging after the 0 V hold, a portion of Na+ from NVPF is utilized for SEI reformation, along with 
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additional electrolyte decomposition. As a result, the reformed SEI becomes thicker, leading to 

an increase in SEI resistance, which is reflected in larger cell polarization (Fig. 6.4b). 

2.2.4 Operando optical calorimetry tracking SEI evolutions due to 0V storage 

Previous studies, along with literature on calorimetry analyses,244,252,253 indicate that both 

SEI formation and decomposition reactions are associated with heat changes. In order to address 

this, operando optical calorimetry is performed. 

In this study, we performed optical calorimetry measurements using tilted fiber Bragg 

grating (TFBG) sensors inscribed on optical fibers, which were embedded into dry 18650 

NVPF|HC cells obtained from TIAMAT. The cells were filled with a 1 M NaPF6 in EC-PC-DMC 

electrolyte. Detailed information on the integration of TFBG sensors into the cells, along with 

their calibration, has been reported in our previous works and in Supplementary methods. The 

experiments were conducted at a temperature of 25 °C, employing a C/5 cycling rate in constant 

current mode. The TFBG sensors were used to monitor the shift in Bragg wavelength (ΔλB), which 

was tracked using an optical interrogator. The measured ΔλB was then converted to temperature 

variations (ΔT) with high resolutions (1s and 0.1 °C, respectively). The obtained ΔT values were 

used to calculate the heat rate (�̇�= dQheat/dt) and heat derivative (dQheat/dV) using a simplified 

0D thermal model.244 These thermal parameters provide valuable information on the heat 

generation and dissipation processes occurring within the NVPF|HC cells during the 0 V holding 

and cycling phases.  

The capacity retention plot (Supplementary Fig. S6.10) confirms that the observed increase 

in capacity during 0 V hold, followed by deterioration in cycling performances, is reproducible in 

the cylindrical 18650 cells, similar to what was observed in the coin cells (Fig. 6.4). Moving on to 

the thermal analysis, the heat values derived from the TFBGs are shown in Fig. 6.8a, alongside 

the cell potential evolutions as a function of time. During SEI formation (first cycle charge) and 

each 0 V hold, an increase in heat is observed (Fig. 6.8a), indicating that both SEI (re)formation 

and decomposition are exothermic processes. 
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The exothermic heat observed during the first charge, associated with interfacial reactions 

decreases sharply after the formation of a stable SEI (charge 3 in Fig. 6.8b). When discharging to 

0 V (Fig. 6.8c), a significant increase in heat is again observed, reaching its maximum when the 

cell reaches 0 V, and then it slowly decreases. Notably, the heat release never becomes zero 

during the entire 24-hour holding period at 0 V, suggesting continuous parasitic reactions during 

this time. Interestingly, for the charge after 0V, exothermic reactions of even greater intensities 

than during the formation cycle are observed (Fig. 6.8d). This larger heat release indicates that 

the reactions involved in the SEI reformation and/or electrolyte oxidation in the charge after 0 V 

holding likely differ from those during the initial formation cycle. This recurring interphase 

reformation leads to active Na-inventory loss, which is repeated after each 0 V hold 

(Supplementary Fig. S6.11). Consequently, this explains the rapid capacity decay observed 

throughout this cycling sequences. 

 

Fig. 6.8 | Optical sensing calorimetry for 18650 type NVPF|HC cell to track heat evolutions during 0V. (a) Heat 

evolutions for cylindrical 18650 NVPF-HC cells during formation cycle and 0V hold, subsequent cycles measured by 
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TFBGs, and the time where break appears in the graph were used for thermal calibration. The heat derivative from 

charges 1, 3, 6, 7, and 9 (marked in (a)) is shown in (b) formation cycles (c) during 0V hold and (d) SEI recreation after 

0V hold. 

In summary, despite the Al current collector being stable during 0 V discharge of Na-ion 

cells, the comprehensive studies conducted indicate that the SEI forming on hard carbon is not 

very stable at such high oxidation potentials (3.67 V in the case of NVPF|HC cells). Given this 

stability issue with the SEI, there is a clear need to explore and implement strategies to overcome 

it. 

2.3 Cell chemistry optimization to improve 0V stability of Na-ion cells 

At this juncture, it becomes crucial to explore the possibility of improving the 0V stability 

of Na-ion cells. As established in the literature, the stability of the SEI is closely linked to the 

formulation of the electrolyte, as the SEI is formed through the reduction of salts, solvents, and 

additives present in the electrolyte. Therefore, our primary approach is to focus on optimizing 

the electrolyte formulation to enhance the 0V storage capability of Na-ion cells. 

2.3.1 Manipulating electrolyte formulation  

The effect of changing the electrolyte solvent from EC-PC-DMC to various linear and cyclic 

carbonate combinations, as well as individual solvents, was thoroughly investigated in terms of 

0V stability. Electrolytes with only linear carbonates are not chosen because of its known 

instability from the work of Guochun et. al.146 The capacity retention plots for the studied 

electrolyte are presented in Supplementary Fig. S6.12, and the percentage capacity retention 

after 80 cycles (15 times of 0V hold for 24h intervals) is compared in Fig. 6.9a. Among the 

different electrolyte formulations studied, the PC electrolyte exhibited the best capacity 

retention (84% after 80 cycles). It also showed a minor increase in polarization (Fig. 6.9b) even 

when holding at 0V for 72 hours each time. On the other hand, the least stability was observed 

with DMC-based electrolytes (71% after 80 cycles). 
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Fig. 6.9 | Stability of NVPF|HC cells at 0V with different solvent combinations. (a) Comparison of capacity retained 

in NVPF-HC cells using different electrolyte formulations, after 80 cycles. The cells were hold at 0V for 24h after each 

5 cycles between 2- 4.25 V. The capacity retention plots are shown in Supplementary Fig. S6.12. (b and c) Capacity 

retention (top) and polarization changes (bottom) of the NVPF-HC cell containing (b) PC based electrolyte and (c) 

electrolyte having 4 additives. 

As discussed in the previous section, the stability of cells under intermittent 0V storage is 

influenced by SEI decomposition, SEI reformation reactions, and subsequent cross talk 

interactions between both electrodes during the reoccurring 0V storages. Previous studies by our 

group146 have indicated that the cross talk species formed after reduction of electrolyte at HC, in 

the presence of EC/PC (sodium ethyle dicarbonate, sodium carbonate etc.), are more stable than 

the DMC/EMC ones (sodium alkoxide and sodium alkyl carbonate). This is due to more soluble 

nature of sodium alkoxides and consequently parasitic oxidative tendency on NVPF. This 
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observation helps explain the superior stability of PC electrolyte. Despite its usefulness, PC alone 

cannot serve as an electrolyte solvent for batteries due to its high viscosity, impeding ion 

transport within the cell, and its inability to wet the commercial celgard separator, limiting its 

practical applicability. 

In a subsequent trial, we used an electrolyte formulation composed of 1 M NaPF6 in EC-

PC-DMC with the addition of Gen-3 additives: 3 wt% succinonitrile (SN), 3wt% vinylene carbonate 

(VC), 0.5wt% sodium oxalatodifluoroborate (NaODFB), and 0.5 wt% tri-methylsilylphosphite 

(TMSPi). This electrolyte formulation had previously shown good calendar/cycle life at ambient 

and high temperatures as discussed in Chapter 4. Initially, an increase in cell capacity was 

observed upon 0 V holding, with similar capacity retention to cell with uninterrupted cycling in 

the early stages of 0 V holding for 24 h or 72 h (Fig. 6.9c). However, to our surprise, the cell 

deteriorated rapidly after a few cycles of 0 V holding, accompanied by a significant increase in 

impedance (Fig. 6.9c), ultimately leading to rollover failure of the cell. 

Upon analyzing the 0 V degradation mechanism, it became evident that reoccurring 

reduction of additives and their by-products during repetitive 0 V storages significantly increased 

the cell's impedance, leading to the formation of a thick interphase and Na plating 

(Supplementary Fig. S13). The occurrence of Na plating was also observed in 18650 cells 

(Supplementary Fig. S14), indicating that this phenomenon is primarily triggered by the 

impedance increase resulting from 0 V storage. This outcome serves as a crucial reminder of the 

complexities involved in designing electrolytes that can deliver both high-temperature 

performance and 0 V stability. A more in-depth characterization of the SEI decomposition 

products during 0 V holding, combined with multiple experimental screenings and trials, is still 

necessary to design an optimized multi-purpose electrolyte additives for NVPF|HC Na-ion cells. 

2.3.2 Manipulating positive electrode material 

 Another promising alternative to improve the 0 V stability is to control the shoot-up 

potential of HC when the full cell goes to 0V, as it directly influences the stability of the SEI. 

Previous research from our group has demonstrated that the 3rd Na in NVPF can be 

electrochemically activated,319 resulting in a disordered structure with a relatively flat profile and 
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a low voltage plateau at around 1 V (Fig. 6.10a). This offers a solution to limit the HC potential 

shoot-up to approximately 1 V. This hypothesis has been experimentally verified, as NVPF|HC 

cells with activated 3rd Na displayed excellent capacity retention of 81% (compared to 71% 

retention with 2 Na removal) after 8 cycles with 24 hours of 0 V-hold every 5th cycle in EC-PC-

DMC based electrolyte. This successful demonstration underscores the potential of this approach 

to improve the 0 V stability of Na-ion cells. 

 

Fig. 6.10 | Activating 3rd Na from NVPF to improve 0V stability. (a) Cycling profile of NVPF- HC cells where the third 

soium from NVPF is extracted by oxidizing to high potentials of ~4.8 V. The removal of third sodium leads to structural 

changes in NVPF hence changing the cycling profile in the following discharge where a low voltage redox (~1V) is 

observed. (b) Capacity retention plots of NVPF-HC cells cycled using 3 Na, without any 0V hold/ interruptions and 

with 0V hold for 24h every 5cycles.  

In a second approach, we explored the replacement of the NVPF positive electrode with 

a sodium layered oxide, specifically NaNi0.45Zn0.05Mn0.35Ti0.15O2 (ZNMT).320 ZNMT exhibits a lower 

voltage redox behavior compared to NVPF. On the other hand, the Prussian blue analogs, another 

family of positive electrodes, show biphasic cycling behavior with potential at the end of 

discharge close to ~3.4 V, similar to NVPF. However, ZNMT offers a distinct advantage with a 

larger voltage window ranging from 2.2-4.5 V, featuring different plateau and sloppy regions in 

cycling (Supplementary Fig. S6.15). In three-electrode cells using NVP with 50% SOC as a 

reference, we observed that the HC potential is raised only to 2.7 V (vs. Na/Na+) when pushing 

the ZNMT|HC full cell to 0 V (Fig. 6.11b). Thus by coupling ZNMT with PC based electrolyte we 
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assembled ZNMT|HC cells(Fig. 6.11b and 6.11c), showing excellent capacity retention (81% and 

75% for 0 V-holds of 24 h and 72 h, respectively vs. 87% retention for no 0 V hold). 

 

Fig. 6.11 | Layered oxide ZNMT and its 0V stability in a ZNMT|HC full cell. (a) Cycling profile of ZNMT-HC cell in 

three electrode set up where NVP s used as the reference electrode. (b) Capacity retention plot of ZNMT- HC coin 

cells using different electrolytes. Comparative capacity retention plots of ZNMT- HC coin cells using (c) 1M NaPF6 in 

PC and (d) 1M NaPF6 in EC-PC-DMC with additives as electrolytes respectively. In both cases, the cycling is compared 

with and without 0V hold.  

The cycling stability of ZNMT|HC cells utilizing an electrolyte with linear carbonate 

exhibits suboptimal performance even in the absence of a 0 V hold. Nevertheless, this issue can 

be ameliorated by incorporating specific additives in the electrolyte, as indicated in Fig. 6.11b. In 

particular, when employing the electrolyte formulation featuring Gen-3 additives (SN, VC, 

NaODFB, and TMSPi) utilized in the NVPF study, the ZNMT|HC cells maintain 65% and 18% of 

their capacity after 80 cycles with 24 hours or 72 hours of 0 V-hold every 5th cycle, respectively. 

Conversely, under the same electrolyte conditions, the NVPF|HC cells suffer complete capacity 
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loss due to plating. The enhanced stability of ZNMT|HC cells with Gen-3 additives (as compared 

to NVPF|HC cells with Gen-3 additives) can be attributed to the lower propensity for HC shoot-

up and consequent decrease in parasitic side reactions. In summary, sodium layered oxides 

demonstrating low voltage redox behavior that helps to exhibit superior 0 V stability when 

coupled with an appropriate electrolyte. However, this advantageous performance of layered 

oxides is accompanied by the drawback of positive electrodes being sensitive to moisture, and 

ZNMT|HC Na-ion cells exhibiting limited cycle life and power rate capability compared to 

NVPF|HC Na-ion cells. 

3. Conclusions of the Chapter 

We reported the 0 V stability of sodium ion systems with different positive electrodes or 

electrolytes summarized in Fig. 6.12. The best performances were observed when using either 

sodium layered oxides (with PC electrolyte) or NVPF (with PC electrolyte) or when activating the 

3rd Na from NVPF with EC-PC-DMC based electrolyte, the latter showing the most attractive 

system performances in a practical sense. However, the presence of linear carbonate (DMC) in 

the electrolyte could hinder high-temperature performances, necessitating the use of suitable 

electrolyte additives to stabilize the SEI and CEI and improve practicality. 

 

Fig. 6.12 | Key parameters comparison for stable 0V cells. Comparison chart cumulating the various Na-ion systems 

(NVPF- HC and ZNMT- HC) studied using different electrolyte formulations. The mentioned percentage values refer 

to the retention after 80 cycles for 24h 0V-hold every 5 cycles protocol.  
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The final Chapter of the thesis delves into a unique type of SEI deterioration, specifically SEI 

oxidation. During the NVPF|HC full cell's transition to 0V, the HC potential rapidly increases to 

high values, around 3.6V, causing the SEI to decompose. However, it reforms during the 

subsequent charge of the full cell leading to Na-inventory loss, SEI thickening and impedance 

build-up. Enhancing the oxidative stability of the SEI poses a fresh challenge to investigate in the 

NIB system. Therefore, exploring additives, salts, or solvents that can form an oxidatively stable 

SEI becomes essential for optimizing the NVPF|HC system. This new approach opens up 

opportunities to optimize the electrolyte for 0V stability without compromising high/low-

temperature stability. Another potential method to mitigate the issue of HC potential shoot-up 

is to opt for a positive electrode with a lower discharge voltage, such as ZNMT. However, this 

choice comes at the expense of energy density due to its reduced discharge voltage. In 

conclusion, the discussed results and strategies pave the way for further exploration in this field. 
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o General conclusion  

Throughout this Ph.D. investigation, we've gained a deep understanding of how NVPF|HC 

cells degrade and proposed practical solutions by adjusting the electrolyte to form better 

interphases and engineering NVPF electrodes via uniform carbon coating. We tested these 

solutions in lab-scale cells and successfully applied them to commercial 18650-type cells. These 

solutions offer a good balance between cell lifespan, self-discharge, performance at different 

temperatures, fast charging, and safety.   

 First, we searched the reason for the high-temperature instabilities in the NVPF|HC cells. 

We identified through key experiments that the synergistic interaction of electrolyte and NVPF 

at high potentials leads to parasitic electrolyte oxidation and V dissolution, which is highly 

deleterious for cell health. Firstly, V dissolves from NVPF, leading to capacity decay caused by the 

electrochemically dead weight of phases associated with the loss of V. Secondly, owing to the 

notably reactive redox characteristics of V, it was observed that the dissolved V in the electrolyte 

experiences reciprocal redox-shuttle interactions on NVPF and HC. This phenomenon leads to 

capacity deterioration, self-discharge, and potential gas formation. Thirdly, V migrates to HC and 

poisons the interphase/electrode. This V poisoning of HC is the cause of destabilized SEI and 

causes capacity fade, which is a more critical reason than the prior two reasons. Curing strategies 

to mitigate V dissolution from NVPF involved the incorporation of NaTFSI or NaFSI co-salts in the 

electrolyte and homogeneous carbon coating of NVPF particles. Despite these remedies, while 

safeguarding the NVPF electrode against decay, complete prevention of electrolyte 

decompositions at elevated temperatures remains unattainable. As a next step, electrolyte 

additives are incorporated into the cell chemistry to suppress these decompositions. 

 At this stage, through an effective screening of additives, we designed a Gen-3 electrolyte 

(1M NaPF6 in EC: PC: DMC in 1:1:1 vol% and NaODFB+VC+SN+TMSPi additives) which suppressed 

the parasitic electrolyte interactions. Utilizing optical sensing calorimetry, we observed a 

reduction in heat release due to solvent reduction upon the incorporation of these additives. 

When applied to the NVPF|HC cell, the Gen-3 electrolyte exhibited notable benefits, including 

enhanced capacity retention, minimal self-discharge, reduced cell polarization, diminished NVPF 
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mass loss, and limited HC slippage in comparison to the control electrolyte (1M NaPF6 in EC: PC: 

DMC in 1:1:1 vol%). This efficacy of Gen-3 additive combination was rationalized with the 

assessment of NVPF and HC symmetric cells. NaODFB+VC is sufficient in building good SEI, 

suppressing further electrolyte reduction, yet it displayed limitations in preventing electrolyte 

oxidation on NVPF. Adding SN to NaODFB+VC effectively stops electrolyte oxidation. 

Furthermore, it was confirmed with operando pressure sensing using optical fibers that SN 

suppresses electrolyte oxidation, thus effectively suppressing electrolyte gassing at 55°C in 18650 

cells. Moreover, it was found that Gen-3 electrolyte additives suppress V dissolution, thanks to 

oxidative stability imparted by SN and acid scavenging behavior of TMSPi. 

Here, the practical implications of the Gen-3 electrolyte are assessed. Gen-1 (by Guochun 

et al.)122 and Gen-2 (by Cometto et al.)123 electrolytes previously proposed by our group, 

demonstrated promising performance in coin cells. However, these solutions could not be 

seamlessly transitioned to practical 18650 cells due to inherent challenges. Gen-1 faced 

limitations arising from its low wettability, while Gen-2 encountered significant gassing concerns 

when subjected to a temperature of 55°C. On a practical note, the significance of the Gen-3 

electrolyte lies in its adaptability to 18650 cells, functioning effectively within a temperature 

range spanning from 10°C to 55°C. Nonetheless, it's important to acknowledge that the Gen-3 

electrolyte experiences elevated charge transfer resistance due to the interphase established by 

the incorporated additives, especially at low temperatures. This resistance can limit low 

temperature and extremely high power applications.  

 As the next step, methyl acetate(MA), a low-viscosity cosolvent, is introduced to 

ameliorate the interphase resistance. The incorporation of MA lowers the solvent blend's 

viscosity, enhancing ionic conductivity. Up to 20% MA was introduced in the solvent blend 

without having a significant penalty at elevated temperatures while excelling in low-temp and 

fast-charging (84% charge in under 10 mins) performance. All this thanks to a decrease in the 

charge transfer resistance due to facile Na transfer within the electrode pores close to the 

particle surface. Adding MA addresses Gen-3 electrolyte limitations, offering an appealing choice 

for practical 18650 cells. 
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 After studying the degradation modes and designing the electrolyte to improve cell 

lifetime and performance for NVPF|HC cells, the last part of the thesis deals with a very specific 

application: 0 V storage. It was observed that during the 0 V storage (or over-discharge), the HC 

potential shoots up to match the NVPF potential (~3.6V). Surprisingly, it was found that the SEI 

on the hard carbon is not stable at such high potential and decomposes by giving extra Na to 

NVPF (thus, excess capacity is achieved during the storage periods). In the charging cycle after 

the 0V storage period, the extra Na inventory acquired through NVPF and some additional Na 

inventory is subsequently utilized to regenerate a portion of the SEI. This SEI decomposition and 

reformation decreases the active Na-inventory (leads to capacity loss) and increases cell 

resistance. It was shown that 0V stability could be improved by engineering the electrolyte (with 

cyclic carbonate solvents like PC and EC-PC) or circumventing hard carbon shoot-up (activating 

3rd Na in NVPF or changing the positive electrode to layered oxide). Overall, this study opens up 

the design space to engineer additives that can improve the oxidative stability of SEI.  

 In summary, our study shows that it is possible to identify the key factors contributing to 

cell degradation, optimizing electrolytes at the laboratory level, and seamlessly transitioning 

them to the commercial realm. A noteworthy accomplishment involves the application of our 

lab-designed Gen-3 electrolyte in Tiamat's 18650 NVPF|HC cells, which find utility in commercial 

high-power applications either in single-cell format or 48V battery pack.74,75  

o Perspective and Future Directions 

Although our work has led to significant advances in the performances of Na-ion NVPF/C 

cells, there is still room for improvement to approach perfection. This section examines 

persistent challenges and outlines overarching pathways to be pursued at the component and 

cell levels. 

The electrolyte, a critical determinant of interphase, influences the cell's lifetime and 

performance. Poor SEI stability at the negative electrode and excessive electrolyte oxidation on 

the positive electrode pose an added challenge in NIBs compared to classic LIB chemistries (LFP 

and NMC). Thus, as many as four additives were needed in NVPF|HC system as studied in this 

thesis (NaODFB+VS+SN+TMSPi) as compared to typical two additives combination (VC+DTD, 
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FEC+LiPO2F2, etc. in NMC|graphite cells) in LIBs. Addressing these intricacies necessitates a 

comprehensive combinatorial analysis of additives, spanning single, binary, and tertiary 

combinations, including vital additives like VC, DTD, SN, NaODFB, FEC, PES, LiPO2F2, NaPO2F2, 

NaBOB, TTSPi, TMSPi, MMDS, ethylene sulfate, etc.245,246 Moreover, exploring novel organic and 

inorganic compounds for additives capable of forming stable interphases at high temperatures 

and exhibiting low impedance in colder conditions is crucial. This endeavor holds promise for 

reducing the number and concentration of additives in commercial-scale cells, but, 

unfortunately, this approach can only occur through trial and error despite the promise of 

robotics of AI to rapidly advance the discovery of new electrolytes.   

 Additionally, co-salts such as NaFSI, NaTFSI, NaFTFSI, etc.,321,322 and low-viscosity co-

solvents like methyl formate, n-propyl formate, propionitrile, and i-butyronitrile,235 recognized 

for their ability to decrease charge transfer resistance and enhance electrolyte conductivity, 

should be integrated into the electrolyte in conjunction with the additives. Beyond their role in 

curbing transition metal dissolution, the imide-based salts also serve as acid scavengers, as 

recently claimed by Armand et al.,323 thereby shielding interphases from acid attack due to HF 

generated through the hydrolysis of NaPF6. The introduction of a significant proportion (10-40%) 

of co-salt can effectively inhibit NaPF6 hydrolysis, thus preserving cell chemistry, decreasing cell 

resistance, enabling fast charging, and extending cell lifespan. 

 Numerous considerations exist for electrode-side development. In the context of well-

established hard carbon, its porous nature can lead to pore clogging during SEI formation/growth 

and the irreversible entrapment of sodium within these pores, both contributing to capacity loss. 

Here, the enhancement of long-term stability through hard carbon engineering becomes a focal 

point. It's worth noting the significance of such factors; for instance, the prolonged cell lifespan 

demonstrated in the million-mile NMC|graphite cells by Dahn et al. was achieved via meticulous 

engineering of the graphite negative electrode.324–326 Moreover, to augment cell stability, the 

application of protective coatings (such as Al2O3, AlF3, etc.) onto active material particles emerges 

as a valuable strategy. This approach can mitigate electrolyte attacks on electrodes, thereby 

curtailing transition metal dissolution, safeguarding hard carbon electrode, mitigating SEI 

expansion, and averting pore clogging. However, the decomposition of the parasitic electrolyte 
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also depends on the nature of the positive and negative electrodes acting as catalysts, so the field 

will gain enormously from examining interfaces from the electrocatalyst's point of view. Two 

recent papers on Li-S batteries illustrate the benefits of such an approach.327–329 

From a practical standpoint, elevating cell energy density necessitates the adoption of 

thick electrodes with substantial mass loading (approximately 25 mg/cm2 for the positive 

electrode and around 15 mg/cm2 for the negative electrode in energy-dense commercial LIBs).66 

However, The utilization of hard carbon as a negative electrode poses a bottleneck for achieving 

thick coatings. Firstly, due to its low material density (about 1.6 g/cm3), achieving thick coatings 

proves arduous, impeding effective porosity reduction in electrodes.184,330 Moreover, even if 

efforts were made to decrease porosity in hard carbon electrodes, it would lead to capacity loss 

as a considerable fraction of Na+ ions are housed within their pores. One of the reports by Rudola 

et al. shows HC capacity reduction from 340 mAh/g to 290 mAh/g when mass loading increased 

from 5.9 mg/cm2 to 8.8 mg/cm2 while maintaining similar porosity values.331 Consequently, a 

pivotal stride toward enhancing practical energy density in NIBs involves transitioning to pure or 

composite-based alloying-type negative electrodes (e.g., P, Sb, Sn) with higher capacity as well 

as material density.  

On the other hand, utilizing high capacity and voltage of positive electrode is necessary 

for pushing energy density to its limit. One avenue involves unlocking the potential of the third 

sodium in NVPF, which can uplift the energy density319 of NVPF|HC cells by 14%. However, 

attaining this requires developing a proficient electrolyte design to accommodate elevated 

potentials. Simultaneously, stabilizing the high capacity inherent in O3-type layered oxides is 

imperative and can be bolstered through adept doping, coating, and microstructural engineering 

techniques. Looking further ahead, envisaging these positive electrodes alongside with alloy-

based (pure or composite) negative electrodes marks a strategic advancement. This 

transformative shift promises to enhance energy density significantly, outpacing even LFP-based 

LIBs. Pushing the boundaries of energy density can be further achieved by transitioning from 

liquid electrolytes to solid electrolytes, ultimately into the realm of solid-state batteries. Realizing 

these prospects could elevate the sodium-ion battery to an indispensable technology in our daily 

lives. 
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In summation, this thesis underscores the intricate nature of cell degradation and 

presents effective measures to mitigate these challenges while maintaining optimal cell 

performance. The strategies elucidated herein are poised to propel the advancement of NIBs, 

aligning their development with that of LFP-based LIBs. These insights illuminate a promising path 

forward for the evolution of next-generation energy storage technologies. As we close this thesis, 

let us remember that every discovery, every solution, and every hurdle overcome brings us closer 

to unlocking the boundless potential of the Na-ion technology.  
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S-1 Supplementary Information for Chapter 1 

o Supplementary Figures 
Supplementary Fig. S1.1 

 

(a) A schematic representation of the different reaction mechanisms observed in electrode materials for lithium 

batteries. Black circles: voids in the crystal structure, blue circles: metal, yellow circles: sodium. Adopted and 

modified from reference with permission. (b) Research progress of anode materials for NIBs. Reproduced from the 

references.55,332 

 

Supplementary Fig. S1.2 

 

Classification of Na based transition metal oxides based on the Na environment and O stacking. Reproduced from 

the reference.54 
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Supplementary Fig. S1.3 

 

 

 

Performance obtained in 18650 NVPF|HC cells: rate capabilities for 55 Wh kg−1 prototypes. Reproduced from the 

reference.108 
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Supplementary Fig. S1.4 

 

 

Evolution of knowledge and models of the SEI on negative electrodes in LIBs. Reproduced from the reference.148 
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Supplementary Fig. S1.5 

 

 

Summary of electrolyte decomposition products observed. As identified by solution NMR, and the conditions under 

which they are formed. Reproduced from the reference.150  
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Supplementary Fig. S1.6 

 

 

 

Investigation of the CSEI layers formed on positive electrodes in LIBs. Reproduced from the reference.148 

 

 



 

 

197 Appendix 

Supplementary Table S1.1 

 

Material composition Type  
1

st
 cycle 

capacity 

(mAh/g) 

Capacity 

retention 

(Half cell 

vs. Na) 

Capacity retention 

(Full Cell vs. HC.) 
Ref. 

Na[Ni
0.5

Mn
0.5

]O
2
 O3 layered  147 

82%  

(100 cycles) 

~79% energy ret.  

(100 cycles at C/10) 

26 + 

Sat

hiya 

Na[Ni
0.5

Mn
0.3

Ti
0.2

]O
2
 O3 layered  150 - 

~83% energy ret.  

(100 cycles at C/10) 

Sat

hiya 

Na[Fe
0.4

Cu
0.2

Mn
0.4

]O
2
 O3 layered  92 - 

~87% energy ret. 

(100 cycles at C/10) 

Sat

hiya 

Na[Ni
1/3

Fe
1/3

Mn
1/3

]O
2
 O3 layered  125 

95% 

(10 cycles) 

~82% 

(125 cycles at C/2) 
22 

Na[Ni
0.6

Co
0.2

Mn
0.2

]O
2
 

O3 layered  

(Al2O3 coated spherical 

particles) 

151 
90% 

(50 cycles) 

75% 

(300 cycles at C/2) 

Yan

g 

Koo

k 

sun 

Na[Ni
0.6

Co
0.05

Mn
0.35

]O
2
 

O3 layered  

(Spherical particles 

concentration gradient) 

157 
84%  

(100 cycles) 

80% 

(300 cycles at C/2) 

Yan

g 

Koo

k 

sun 

NaNi
0.45

Zn
0.05

Mn
0.4

Ti
0.1

O
2
 O3 layered  187 

85%  

(100 cycles) 
- 

Sat

hiya 

Na
0.95

[Ni
0.5

Mn
0.5

]O
1.95

F
0.05

 O3 layered  

(Spherical particles) 
140 

89% 

(100 cycles) 

92% 

(500 cycle at C/2) 

Yan

g 

Koo

k 

sun 

Na
0.95

[Ni
0.317

Mn
0.317

Mg
0.158

Ti
0.208

]O
2
 O3 layered  155 - 

80% 

(500 cycle at C/6) 

Far

adio

n 

O3 - Na
0.95

[Ni
0.317

Mn
0.317

Mg
0.158

Ti
0.208

]O
2
 

P2 - Na
0.667

[Ni
0.300

Mn
0.600

Mg
0.033

Ti
0.067

]O
2
 

O3 - P2 mixed phase 158 - 
80% 

(3000 cycles at 1C) 

Far

adio

n 

 

 

Promising cathode compositions for sodium transition metal oxides and their corresponding performances that have 

been reported in the literature. Most notable performances are mark in red color. Reproduced from the mentioned 

references.113,311,333  
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S upplementary Table S1.2 

 

Material composition 
Avg. 

Voltage 

1
st

 cycle 

capacity 
Rate capability Capacity retention Ref. 

Na0.61Fe[Fe(CN)6]0.94.xH2O 2.8 V 170 mAh/g 70 mAh/g at 4 C 100% after 150 cycles at 0.2 C 67 

Na1.56FeFe(CN)6·3.1H2O 2.8 V 103.6 mAh/g 90 mAh/g at 100 mA/g 97% after 400 cycles at 20 mA/g 87 

Na1.63Fe[Fe(CN)6]0.89·□0.11.xH2O 2.7 V 150 mAh/g N.A. 90% after 200 cycles at 25 mA/g 64 

Na1.92FeFe(CN)6.xH2O 3.25 V 160 mAh/g 145 mAh/g at 10 C 80% after 750 cycles at 0.5C 38 

Na1.89Mn[Fe(CN)6]0.97.xH2O 3.4 V 150 mAh/g 121 mAh/g at 20 C 75% after 500 cycles at 105 mA/g 70 

Na1.85Co[Fe(CN)6]0.99·1.9H2O 3.5 V 153 mAh/g 60 mAh/g at 500 mA/g 90% after 200 cycles at 200 mA/g 48 

Na1.76Ni0.12Mn0.88[Fe(CN)6]0.98.□0.02 3.1 V 123.3 mAh/g 50.2 mAh/g at 600 mA/g 83.8% after 800 cycles at 100 mA/g 46 

 

Promising cathode compositions for PBA and their corresponding performances that have been reported in the 

literature. Most notable performances are mark in red color. Reproduced from the reference. Reproduced from 

the mentioned references.110,111,114,125,334 

 

Supplementary Table S1.3 

 

 

 

Reported solubility for main SEI components in LIBs and NIBs. Reproduced from the mentioned reference.155 
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S-2 Supplementary Information for Chapter 2 

o Supplementary Figures 
Supplementary Fig. S2.1 

 

Magnification of the relevant region of the 1st cycle potential profile of a NCM/Li half cell with a charge cut-off 

potential of 4.6 V vs. Li/Li+ at a specific current of 30 mA/g at RT. Different impacts on the 1st cycle specific capacity 

loss are schematically highlighted. Reproduced from the mentioned reference.163 

Supplementary Fig. S2.2 

 

When comparing three different cathode types (olivine, layered, and spinel), the first cycle capacity loss can be 

categorized into recoverable and non-recoverable losses. This allows for a systematic and meaningful comparison 

based on the cathode's crystal structure (solid-state Li+ diffusion) and charge cut-off potential. The recoverable 

capacity loss, which is kinetically hindered and reversible, decreases as the dimension of solid-state Li+ diffusion 

increases (1D < 2D < 3D). On the other hand, the non-recoverable capacity loss increases with higher charge cut-off 



 

 

200 Appendix 

 

potential. However, the NCM material behaves differently in terms of both recoverable and non-recoverable 

capacity losses. Reproduced from the mentioned reference.163 

Supplementary Fig. S2.3 

 

NMT materials synthesized at two different synthesis conditions (900 °C/24 h mentioned as 900 and re-annealed 

at 1000 °C/12 h mentioned as 1000) in Na-ion full cells using a hard carbon negative electrode and cycled at C/10 

rate within a voltage window of 1.2−4.4 V and the corresponding capacity retention plots in the right. Reproduced 

from the mentioned reference.320 

Supplementary Fig. S2.4 

 

Capacity retention and coulombic efficiency over 200 cycles for the bipolar Na3V2(PO4)3  //NaTi2(PO4)3 Na-ion pouch 

cell. Reproduced from the mentioned reference.335 
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Supplementary Fig. S2.5 

 

Galvanostatic cycling of full-cell sodium-ion batteries at 55 °C starting with five cycles at 0.2C followed by 100 cycles 

at 1C (a) and the Coulombic efficiencies for the same cells (b). Reproduced from the mentioned reference.121 

Supplementary Fig. S2.6 

 

(a) Charge–discharge curves of hybrid Li–S cells at different rates. (b) Cycling ability of the hybrid Li–S cell at a rate 

of 1,737 mA g−1. (c,d) Long-term cycling behaviour and corresponding Coulombic efficiencies of hybrid Li–S cells at 

different rates. Reproduced from the mentioned reference.336 
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Supplementary Fig. S2.7 

 

Normalized capacity vs. cycle number of the thirty six Li-ion cells charged and discharged at the C rates and 

temperatures indicated. Twelve each of 18650-sized LiCoO2|graphite cells (2400 mAh) and LiMn2O4|graphite (1400 

mAh) cells were cycled between 3.0 and 4.2 V. Twelve 26700-sized LiFePO4/graphite cells (2200 mAh) were cycled 

between 2.7 and 3.8 V. Reproduced from the mentioned reference.165 

❖ At low C rates (C/14 to C/100) observed in these cells, increased temperature or decreased C-rate results in 

greater capacity loss. This indicates that parasitic reactions are exacerbated under high temperature conditions 

or when the cell undergoes prolonged charging periods (low C-rate). 

❖ Despite both LCO and LMO being cycled within the same voltage window (3-4.2V), LCO exhibits greater stability 

than LMO across all temperatures. Furthermore, LCO cycled at higher voltage ranges demonstrates superior 

stability compared to LFP cycled in the lower voltage region of 2.7-3.8V. 
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Supplementary Fig. S2.8 

 

Normalized coulombic efficiency vs. cycle number of the thirty six Li-ion cells charged and discharged at the C rates 

and temperatures indicated. Twelve each of 18650-sized LiCoO2|graphite cells (2400 mAh) and LiMn2O4|graphite 

(1400 mAh) cells were cycled between 3.0 and 4.2 V. Twelve 26700-sized LiFePO4/graphite cells (2200 mAh) were 

cycled between 2.7 and 3.8 V. Reproduced from the mentioned reference.165 

❖ The same conclusions regarding aggravated degradation at high temperatures and slow C-rates, as well as 

the superior stability of LCO compared to LFP and LMO, can be drawn from the CE analysis. Notably, for 

most cells depicted, the CE initially increases over the first few cycles and then stabilizes at a certain value. 

This behavior is typically observed in batteries that are stable, except for LMO at 50°C and 60°C, as indicated 

by the CE and CR data. 
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Supplementary Fig. S2.9 

 

a) Effect of the CE on the capacity retention of a full cell. b) Capacity vs. cycle number for initial cycles at 1C, c) CE of 

16 high precision coulometry cycles at C/20 before long cycling, d) Capacity vs. cycle number for long cycling at 1C 

for the same cells as b), which are NMC/graphite 18650 cells with the additives. Reproduced from the mentioned 

reference.337 

❖ Fig. S2.9d illustrates the capacity retention of NMC/graphite 18650 cells with different additives, while Fig. 

S2.9b provides a zoomed-in view of the capacity for the first 50 cycles. It is noteworthy that the relative 

comparison of cell lifetime in Fig. S2.9d can be accurately predicted by analyzing the CE (Fig. S2.9c), even 

with only 20 cycles on the HPC. This prediction cannot be reliably made by solely comparing the capacity 

retention (CR) in Fig. S2.9b. These precision chargers are recently commercialized by Novonix, Biologic, and 

Arbin, allowing for the prediction of cell lifetime in months instead of requiring years of cell testing.  
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Supplementary Fig. S2.10 

 

Cell polarization divided into activation polarization, concentration polarization and ohmic (IR) polarization  as a 

function of operating current. Reproduced from the mentioned reference. 174 

 

Supplementary Fig. S2.11 

 

A)The average charge and discharge voltages were measured for 0.35Li2MnO3·0.65Li[Mn0.45Ni0.35Co0.20]O2 electrodes 

activated at different temperatures: 0 °C (black), 15 °C (red), and 30 °C (green). The cells were cycled at 30 °C with a 

C/3 rate. B) The average charge-discharge voltage difference, ΔE, was calculated for the cells described in (A). Initial 



 

 

206 Appendix 

 

rate capability cycles were excluded for clarity as the average voltage changes with the rate. The error bars represent 

one standard deviation among 3-4 cells. Reproduced from the mentioned reference.338 

Supplementary Fig. S2.12 

 

(a) Specific discharge capacity, (b) charge-averaged mean charge and discharge voltage of the NMC811-Li cell. 

Reproduced from the mentioned reference.339  

Supplementary Fig. S2.13 

 

NMC532| artificial graphite pouch cells cycled with 1.2 M LiPF6 in EC:EMC 3:7 electrolyte cycled in 3-4.2V with c) 

capacity retention and d)average charge voltage – average discharge voltage. Reproduced from the mentioned 

reference.175 
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Supplementary Fig. S2.14 

 

Typical processes in a lithium-ion battery electrode and their identification using EIS measurements. a) Schematics 

showing the movement of electrons and mobile ions in a typical Li-ion insertion positive electrode. b) Theoretical 

impedance response for an ideal case where each individual step shown in a can be seen as a separate feature. c) 

Example of a practical EIS measurement where many of the predicted features are not seen due to overlap of time 

constants, very small values of impedance values for certain steps or other measurement artefacts. Reproduced 

from the mentioned reference.340 

❖ When considering EIS for batteries, it reveals a multitude of elementary processes as depicted in Fig. S2.14. 

These processes commonly involve: (i) electron transfer from the current collector to the electrode 

composite, (ii) electron conduction and migration through the composite electrode, (iii) ion migration 

across the electrode thickness, (iv) electrochemical insertion of ions and electrons into active storage 

particles, (v) double-layer charging at solid/liquid interfaces, (vi) coupled diffusion of active and non-active 

ions within the porous electrode composite, (vii) simultaneous diffusion of ions and electrons within the 

active storage particles, and (viii) migration and diffusion of ions in the separator. 

❖ In the ideal scenario depicted in Fig. S2.14b, the number of observed features is only one less than the 

number of individual processes, highlighting the ability of EIS to separate complex processes into their 

elementary steps. However, in realistic measurements (Fig. S2.14c) many of these individual features 

overlap, posing a considerable challenge in accurately decoupling them. 
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Supplementary Fig. S2.15 

 

The Nyquist spectra were obtained for NMC532 positive electrode symmetric cells at 30°C. These positive electrodes 

were derived from an NMC532/AG pouch cell that used EC:DMC (3:7, w:w) + 1.2 M LiPF6 electrolyte and was formed 

and disassembled at 4.4V. The black spectra represent a symmetric cell with stainless steel hardware (can, cap, 

spring, and spacer), while the red spectra represent a symmetric cell with aluminum hardware (can, cap, spacers). 

Reproduced from the mentioned reference.178 

Supplementary Fig. S2.16 

 

(a-b) Area-specific Nyquist plots were generated for blocking and non-blocking full coin cells at 20°C, with frequency 

decades labeled. These cells consisted of an NMC532 positive electrode and an artificial graphite negative electrode, 



 

 

209 Appendix 

using a 1.2M LiPF6 in EC:DMC (3:7, w:w) electrolyte. The non-blocking full coin cell was constructed by utilizing 

electrodes from a pouch cell that had been formed to 4.2V and operated at 3.8V while blocking full cells were 

assembled using fresh electrodes. (a) The imaginary impedance axis is magnified to enhance clarity. (b) The scales 

of the real and imaginary impedance axes are equal. Reproduced from the mentioned reference.178 

Supplementary Fig. S2.17 

 

Area-specific Nyquist plots were obtained for various types of cells: blocking and non-blocking negative electrode 

symmetric cells (a1-a3), positive electrode symmetric cells (b1-b3), and full coin cells (c1-c3). These cells utilized an 

NMC532 positive electrode and an artificial graphite negative electrode with a 1.2M LiPF6 in EC:DMC (3:7, w:w) 

electrolyte. The non-blocking symmetric cells and full coin cell were assembled using electrodes from a pouch cell 

that had been formed to 4.2V and operated at 3.8V. Measurements were taken at different temperatures: (a1), (b1), 

and (c1) at -10°C; (a2), (b2), and (c2) at 0°C; and (a3), (b3), and (c3) at 10°C. The frequency decades are indicated 
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using blue "+" symbols for blocking data and green "x" symbols for non-blocking data. Reproduced from the 

mentioned reference.178 

Supplementary Fig. S2.18 

 

a) Long-term cycling of LiCoO2|graphite cells with different electrolytes containing additives at a C/10 rate at 55°C. 

b)Bode plot of reassembled LCO|graphite coin cell, c)Bode plot of reassembled LCO|LCO coin cell, b)Bode plot of 

reassembled graphite|graphite coin cell from the recovered electrodes from the aged pouch cell at 50% SOC. 

Adapted and modified from ref.180 

A case study from Dahn et. al is presented regarding identification of impact of additives for LCO|graphite 

pouch cell (Fig. 2.9). The introduction of VC+TMOBX, shows superior cell stability (Fig. S2.18a) at 55°C as compared 

to control electrolyte with no additives. The aged pouch cell was disassembled in 50% state-of-charge, the LCO and 

graphite electrodes were punched and three different kind of coin cells were assembled, namely LCO|graphite, 

LCO|LCO and graphite|graphite. Thus the impedance of full cell (LCO|graphite) can be effectively deconvoluted in 

terms of impedances of cathode (LCO|LCO) and anode (graphite|graphite). 
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Fig. S2.18b-d represents impedance in terms of bode plot of as-prepared coin cells for control and 

VC+TMBOX configurations. The impedance of the LCO|graphite cell with additives (Fig. S2.18b) is lower compared 

to the control, indicating reduced degradation at a temperature of 55°C. This improvement can be attributed to the 

substantial degradation of the LCO electrode observed in the absence of additives, resulting in significant impedance 

development (Fig. S2.18c). In contrast, the graphite symmetric cells exhibit higher impedance (Fig. S2.18d) with 

additives compared to the control, which is attributed to the formation of a passivating film during cell formation 

rather than cell degradation, as discussed by the authors in the paper. 

Supplementary Fig. S2.19 

 

 

LTO degradation spotted using DCA for LNMO|LTO full cell. (a) First 20 cycles of the cell; (b) the following 120 cycles; 

(c–e) the corresponding shift of the voltage characteristics of the electrodes to each other. The blue line separates 

the regions of the two-phase transformations of the LNMO. The gray area between the dashed lines marks the 

amount of lithium left in the cell. Reproduced from the mentioned reference.195 

As peaks in DCA indicate electrochemical processes, they can be tracked to study cell degradation. Fig. 

S2.19a-b shows the DCA profiles of LNMO| Li4Ti5O12 (LTO) for cycle 1 to 19 and cycle 20 to 140, respectively. In the 

initial 19 cycles (Fig. S2.19a), the NiII/III peak diminishes while the NiIII/IV peak remains relatively constant, leading to 
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capacity loss. Subsequently, the DCA profiles from cycles 20-140 show a continuous decrease in the NiIII/IV peak (Fig. 

S2.19b). Notably, the DCA profiles of the LNMO half-cell exhibit stability over 300 cycles (Fig. S2.19b), indicating the 

robustness of the LNMO material. Hence, the observed capacity loss cannot be attributed to the degradation of 

LNMO, as both the peaks in DCA profiles should decrease in initial cycles and not only one of them. 

To explain the observed peak variations, the V-Q profiles of LNMO and LTO electrodes are shifted with 

respect to each other, as illustrated in Fig. S2.19c-e. The overlapping region, highlighted by the gray area, provides 

the full cell curves. During the first 19 cycles, LTO shifts to the right (Fig. S2.19c-d) relative to the LNMO electrode, 

resulting in the decrease and disappearance of the NiII/III peak. As cycling progresses, the LTO further shifts (Fig. 

S2.19d-e), leading to the diminishing of NiIII/IV peak and complete loss of overlap between LNMO and LTO. This 

phenomenon of electrode shifting with respect to each other is known as electrode slippage, which, in this case, is 

caused by the continuous loss of Li inventory from the LTO electrode due to parasitic reactions. 

Supplementary Fig. S2.20 

 

a) Method to fit the experimental dQ/dV curves of LMO|graphite full cell with the combination of LMO and graphite 

half-cell curves. b) (Top row) Experimental dQ/dV vs. V data for the LiMn2O4/graphite cell (red) and the calculated 

fit (black) for the indicated cycles. (Bottom three Rows) The voltage curves of the full cell and its positive and negative 

electrodes, respectively, calculated from the dQ/dV fit. Adapted and modified from reference.196 

In another case study by Dahn et al., a LMO|graphite cell is investigated and presented in Figure 2.12. The 

experimental dQ/dV profile of the full cell is fitted using combinations of LMO and graphite half-cell curves, as 
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depicted in Fig. S2.20. By analyzing the fitted data, the deconvoluted V-Q profiles of the full cell, LMO, and graphite 

for selected cycles are shown in Fig. S2.20b. The decreasing area under the dQ/dV curve indicates capacity loss (Fig. 

S2.20b, top panel). Additionally, the deconvoluted curves reveal that the capacity of the graphite electrode remains 

unchanged, while the capacity of the LMO electrode is reduced (as indicated by the red arrow in Fig. S2.20b) at a 

rate of 0.5% per cycle. Therefore, the authors assert that cell degradation is primarily attributed to the degradation 

of the LMO active material and the corresponding loss of capacity. 

Supplementary Fig. S2.21 

 

(a) Effect of electrode slippage on cell voltage vs. capacity curve. The amount of electrode slippage is 0.31 mAh cm−2. 

The calculated cell capacity is 2.08 mAh. (b) −Q0dV/dQ vs. capacity from the data in a. Reproduced from the 

mentioned reference.189 
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Supplementary Fig. S2.22 

 

a) Measured and calculated dV/dQ vs.Q for a graphite/LiCoO2 18650- size cell at cycle 3 and at cycle 256. The cell 

was cycled at a rate of C/24 at 55°C for about 15 months. b) Calculated voltage versus relative capacity for a full 

graphite/LiCoO2 cell at various cycles. c) V vs. Q for the positive electrode of the same cell as determined by the 

dV/dQ fitting. d) V vs. Q for the negative electrode of the same cell as determined by the dV/dQ fitting. Q = 0 

represents the fully discharged state of the cell at each cycle. e–g) show expanded views near Q = 0. Reproduced 

from the mentioned reference.185 

For instance, Fig. S2.21 shows dV/dQ (V/mAh) vs. Q (mAh) for a commercial graphite/LiCoO2 18650 cell at 

the third cycle (Fig. S2.21a) and after 256 cycles (Fig. S2.21b). The experimental curve was fitted using the half-cell 

reference curves represented by green curves in Fig. S2.21, note the electrode slippage and mass losses parameters. 

The deconvoluted V-Q profiles extracted out of fitting LCO and graphite electrodes are presented in Fig. S2.21 b-g. 

LCO and graphite electrodes degrade at different rates leading to different electrode slippages indicated in Fig. S2.21 

e-g. More detailed analysis and reasons of this slippages is explained in the reference.185 
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Supplementary Fig. S2.23 

 

Graphite/NMC811 full cells cycled using LP57 + VC and LiFSI 5M DMC. Associated charge and discharge endpoint 

slippages are plotted as a function of cycle number. Reproduced from the mentioned reference.202  

Supplementary Fig. S2.24 

 

(a) Voltage-capacity curves for LFP cells with control electrolyte cycled at a rate of C/20 at 40 °C. Cells vacuum dried 

at 100 °C vs 120 °C are shown. (b) Voltage-capacity curves for LFP cells with the 2VC electrolyte vacuum dried at 100 

°C and 120 °C. Cells were cycled at C/20 at 40 °C. Reproduced from the mentioned reference.203 

Fig. S2.23 gives an example of LFP|graphite cell dried at 100°C (black) and 120°C (red), and cycled with 

control electrolyte (part a) and 2%VC additive (part b). Fig. S2.23a shows huge charge endpoint slippage for cell 

dried at 100°C (and not for 120°C) indicating the electrolyte oxidation caused by presence of water. With the VC 

additive there is no significant charge endpoint slippage (Fig. S2.23b) for cells dried at 100°C or 120°C. Authors 

indicated that the charge endpoint slippage was caused by formation of lithium alkoxides in presence of trace water 

and VC can suppress formation of these alkoxides.  
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S-3 Supplementary Information for Chapter 3 

o Methods 
Synthesis of Na3V2(PO4)2F3 with different carbon coating: The Na3V2(PO4)2F3 (NVPF) was 

synthesized using two-step solid-state reaction as described previously.108,341 The first step 

involves the synthesis of VPO4, and the second step consists of the heating stoichiometric amount 

of VPO4 and NaF. Agar-agar was used as a carbon source. 

Cell assembly and electrochemical tests: The Na3V2(PO4)2F3 (NVPF) sample containing ~5% 

carbon coating is used throughout the studies except for studies on 18650 cells where the NVPF 

containing either 3 - 7% carbon coating were used. The NVPF and HC electrodes coated (one side) 

on Al foil for coin cell experiments, as well as the dry 18650 cells without electrolyte for prototype 

cell assembly, were received from TIAMAT Energy, Amiens. NVPF and HC mass loading was 

roughly ~12 mg.cm-2 and ~6 mg.cm-2, respectively. Active material: PVDF binder: conductive 

carbon for NVPF and HC was 94:3:3. The electrochemical tests on Na3V2(PO4)2F3 (NVPF) were 

carried out in either Na-metal half-cell using Na metal as a counter (negative) electrode, or Na-

ion full cell where hard carbon casted on aluminum foil was used as the negative electrode. Either 

2032 coin type cells or 18650 cylindrical type cells (exclusively for full cell analyses) were used for 

the study. The electrolyte used is 1M NaPF6 in Ethylene carbonate (EC)-Propylene carbonate (PC) 

– Dimethyl Carbonate (DMC) in 1:1:2 volume ratio, with or without electrolyte additives. The 

electrolyte additives used are 3 wt. % succinonitrile (SN), 1 wt. % vinylene carbonate (VC), 0.5 wt. 

% sodium oxalatodifluoroborate (NaODFB) and 0.5 wt.% tri-methylsilylphosphite (TMSPi). A 

mixture of 0.7M NaPF6+ 0.3M NaTFSI is used as an electrolyte salt for some selected experiments.  
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Coin cell assembly was carried out in an argon-filled glove box using a glass fiber separator, 

whereas 18650 cells were filled with electrolyte and sealed in a dry room. For analyzing the 

electrochemical performance of the Na1V2(PO4)2F3 samples after treatment with different 

electrolytes, Na-metal half cells were assembled with 1M NaPF6 in PC as electrolyte. Three-

electrode cyclic voltammetry tests were performed with glassy carbon as the working electrode, 

Pt wire as the counter electrode, and Ag/Ag+ organic reference electrode (calibrated against Na 

metal). Aged electrolyte for cyclic voltammetry (CV) was recovered as explained in the leaching 

procedure section next or by washing the NVPF recovered from 18650 after current interruption 

device (CID) break (mentioned as ‘green electrolyte’ as the prepared electrolyte was greenish 

due to the presence of dissolved vanadium in it). All electrochemical measurements were carried 

out using a Biologic battery cycler/potentistat-galvanostat, at a specific cycling rate and 

temperature as specified in the main text. 

Leaching procedure: Firstly, 300 mg of Na3V2(PO4)2F3 powder (90% active mass-10% carbon black 

Super P) was charged in a homemade big cell to the Na1V2(PO4)2F3 composition using 1M NaPF6 

in PC electrolyte. The powder was recovered from the cell and washed several times with DMC 

before drying in the glovebox antechamber. For leaching, either a solvent mixture (EC – PC- DMC) 

or the electrolytes containing 1M salt from NaPF6, NaClO4, NaBF4, NaFSI, and NaTFSI in EC-PC-

DMC (1:1:1 by volume) were used. All the salts were dried overnight in a Büchi oven under 

vacuum at 80 °C before transferring into the glove box. All the solvents were dried over molecular 

sieves till the water content of less than 10 ppm, as measured by Karl-Fischer titration. Secondly, 

the electrolyte or solvent (3 mL) was mixed with Na1V2(PO4)2F3 (20 mg) in a 15 mL polypropylene 

vial and sealed in an aluminum bag inside an argon-filled glovebox. The aluminum bag was then 
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transferred to a 55 °C oven for 21 days of leaching. After leaching, the Al bags were transferred 

to an argon-filled glovebox, and the samples were recovered. The leached NVPF powder was 

separated from the electrolyte by centrifugation and washed several times with DMC before 

drying under vacuum. The recovered electrolyte was filtered using a 0.2 μm polypropylene 

syringe filter (VWR international) to ensure the removal of any NVPF particles in the recovered 

electrolyte for analyses. The separated solid (leached NVPF) and the liquid (aged electrolyte) 

were used for further characterization.  

Quantifying vanadium dissolution using ICP-MS: For the 2032 coin cell mode, HC electrodes and 

the separator touching the HC electrodes were recovered after the specified charging/storage 

procedure. HC + separator was digested in 10.000 mL of 2 wt. % nitric acid (Suprapur, 65 % HNO3, 

Merck, vanadium content ≤ 0.5 ppb ), and solutions were sonicated and rested overnight. 

Solutions were filtered with polypropylene 0.2 μm PP syringe filters and diluted with 2 wt. % nitric 

acid solution until final vanadium concentrations between 1 ppb to 1 ppm were reached. The 

vanadium amount was quantified using inductively coupled plasma mass spectroscopy (ICP-MS, 

Nexion 2000, Perkin Elmer). The calibration was obtained from three diluted vanadium standard 

solutions (TraceCERT, 1 mg.L−1 V in nitric acid, Sigma-Aldrich). For the aged electrolyte obtained 

in the leaching procedure section, the 200.00 μL of electrolyte was diluted until final vanadium 

concentrations between 1 ppb and 1 ppm were obtained and measured with ICP-MS.  

X-ray diffraction (XRD): Synchrotron XRD patterns (λ = 0.4589 Å) were collected via the mail-in 

service of the 11-BM beamline at the Advanced Photon Source at Argonne National Laboratory. 

The leached and reference NVPF powders were sealed in glass capillaries and kept inside the 

kapton holder. The Rietveld refinement of the synchrotron XRD pattern (for solvent leached 
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NVPF) was performed using the FullProf program.342 Operando X-ray measurements were taken 

by a BRUKER D8 Advance diffractometer with Cu Kα radiation (λKα1 = 1.54056 Å, λKα2 = 1.54439 

Å) and a Lynxeye XE 583 detector. The operando XRD analyses were conducted using a 

homemade airtight XRD cell equipped with a beryllium window.  

Transmission electron microscopy (TEM): Samples for transmission electron microscopy (TEM) 

were prepared in an Ar-filled glove box by grinding the leached NVPF powder in an agate mortar 

in dimethyl carbonate and depositing drops of suspension onto a copper TEM grid with a holey 

carbon support layer. The sample was transported to the TEM column with a Gatan vacuum 

transfer holder avoiding contact with air and moisture. High angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) images, energy-dispersive X-ray (EDX) spectra, 

STEM-EDX maps, electron energy loss spectra (EELS) and STEM-EELS maps were collected with a 

probe-corrected Titan Themis Z electron microscope operated at 200 kV equipped with a Super-

X EDX detector and a Gatan Quantum ER965 spectrometer. The energy resolution, measured 

from the full width at half maximum of the zero-loss peak, was 0.175 eV. 

Scanning Electron Microscopy (SEM): SEM images of the NVPF with different carbon coating 

were obtained on an FEI Magellan scanning electron microscope equipped with an Oxford 

Instruments energy dispersive X-ray spectroscopy (EDX) detector. EDX analyses of the NVPF 

particles were carried out using an acceleration voltage of 20 kV. 

Fourier-Transform Infrared (FTIR) Spectroscopy: The leached NVPF powders were discharged to 

2 V (0% state of charge) vs. Na metal for FTIR measurement. FTIR spectra were recorded on a 

Nicolet iS5 FTIR spectrometer, mounted with a diamond Attenuated Total Reflectance accessory 
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(iD1 ATR). All the spectra were taken using 16 scans with a 4 cm-1 resolution from 2000 to 400 

cm-1. The background correction is performed by measuring the ambient atmosphere under the 

same conditions as for the leached NVPF. 

Mass Spectroscopy (MS): Mass spectra were recorded for the gas inside the pouch bags collected 

during the leaching process of Na1VPF with NaTFSI or NaPF6 for 21 days at 55 °C. The pouch bags 

with samples containing polypropylene tubes were bulged up due to gassing after 21 days of 

storage at 55 °C. A needle was pierced to the pouch and the gas was transported to the mass 

spectrometer via a gastight syringe. The gas samples were then injected into an ExQ gas analysis 

system (Hiden Analytical, USA) composed of a HAL (Hiden Analytical) series quadrupole mass 

spectrometer, an ultra-high vacuum (UHV) mass spectrometer vacuum chamber, a vacuum 

pumping system and a QIC series capillary inlet. The partial pressures are eventually determined 

for each gas based on their mass to charge ratio (m/z), after ionization in the ionization source of 

the MS. 

Nuclear magnetic resonance (NMR) spectroscopy: The leached NVPF powders were discharged 

to 2 V (0% state of charge) vs Na metal for solid state NMR analyses. Solid-state 31P and 23Na NMR 

spectra were recorded on electrode materials with a 4.7 T (200 MHz for 1H) Bruker WB 

spectrometer equiped with an Avance HD console and a 1.3 mm Magic Angle Spinning (MAS) 

double resonance 1H-19F/31P-15N probe. The rotors were filled inside an argon filled glovebox and 

the rotor were spinning at R = 60 kHz under 100% N2 atmosphere. The solid-state NMR spectra 

were recorded with a rotor synchronized Hahn echo sequence (90° – 1/ R – 180°- 1/ R – 

acquisition), and the chemical shift were referenced with 85% H3PO4 in water for 31P and 1 M 

NaCl in water for 23Na, both at 0 ppm. Full relaxation of the magnetization was achieved with a 



 

 

221 Appendix 

50 ms recovery delay between each transient in both case. 1 024 000 transients were recorded 

for 31P and 10240 for 23Na.  

Liquid-state spectra were recorded in the same spectrometer with a double resonance probe 

equiped with 10 mm inserts, tuned to 31P or 51V. Liquid-state spectra were recorded for all 

samples inside 5 mm glass tubes filled in the glove box, and sealed with parafilm. An N2 flow of 

500 L/h was sent inside the probe to shield the sample from the air. The spectra were recorded 

with a 90°-acquisition sequence. 102 400 transients were recorded for 31P (recovery delay 5s) 

and 1 024 000 transients were recorded for 51V (recovery delay 50 ms). 

The presence of HF in the electrolyte was evaluated by 19F liquid-state NMR spectra, recorded in 

a Bruker 7.046 T (282 MHz for 19F) Advance III NMR spectrometer mounted with a 5 mm HX(F) 

probehead. The samples were meassured in a 5 mm glass tube equiped with a D2O-filled inset 

for signal lock. The spectra were recorded with a 90° adquisition sequence, over 16 scans (5 s 

adquisition time each) and 10 s recovery delay, and were referenced with the expected signal of 

the anion (PF6
- or TFSI- accordingly). 
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o Supplementary Figures 
Supplementary Fig. S3.1 

 

Schematic presenting the collection of HC and separator touching it from the aged cell for ICP measurements. 

Supplementary Fig. S3.2 

 

 

The protocol used to study the leaching of NVPF material with electrolyte/solvents is represented in the above 

scheme: 

1. NVPF (Na3V2(PO4)2F3) powder is charged to Na1VPF (Na1V2(PO4)2F3)  in large quantities using 1M NaPF6 in PC 

electrolyte. 

2. 3 mL of the desired electrolyte is mixed with Na1VPF (~20 mg) in a 15 mL polypropylene vial. 

3. The vial is sealed in an aluminum bag inside an argon-filled glovebox. 

4. The aluminum bag is transferred to a 55 °C oven and stored for 21 days with periodic shaking every 1-2 days to 

ensure continuous contact between NVPF particles and electrolyte. 

5. After 21 days, the aluminum bag is transferred back to the argon-filled glovebox, and the samples are recovered. 
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6. The NVPF powder is separated from the electrolyte through centrifugation. 

7. The recovered electrolyte is filtered using a 0.2 μm polypropylene syringe filter to ensure the absence of NVPF 

particles in the electrolyte. 

8. The leached Na1VPF and aged electrolyte are utilized for various electrochemical and chemical characterizations 

as depicted in the figure. 

9. The experiment is performed twice, and the ICP values of V dissolution show good reproducibility, indicating the 

reliability of the protocol. 

Supplementary Fig. S3.3 

 

The electrochemical performance and vanadium dissolution of Na1VPF with 1M NaFSI in EC-PC-DMC for 1 week at 

55 °C were examined. The charge of the recovered FSI-NVPF material is depicted in Figure (a), while Figure (b) 

illustrates the second cycle of FSI-NVPF. It is observed that there is negligible capacity loss in the NVPF material as a 

consequence of leaching. The vanadium dissolution was analyzed in the recovered electrolyte, and the results are 

presented in Figure (c). The findings indicate that the vanadium dissolution in the FSI-NVPF system is comparable to 

that observed for TFSI-NVPF. These results suggest that the leaching behavior and electrochemical performance of 

Na1VPF with NaFSI are similar to those observed with NaTFSI. 
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Supplementary Fig. S3.4 

 

Second cycle charge-discharge curves of pristine NVPF and solvent-treated NVPF (SL-NVPF) in half-cell mode with 

Na metal as the counter and reference electrode. The electrolyte used was 1M NaPF6 dissolved in PC, and the voltage 

range was set between 2 to 4.35 V with a C/5 rate. (a) The electrochemical curves reveal a distinct difference 

between pristine NVPF and solvent-leached NVPF, with the latter exhibiting a sloppy profile compared to the former. 

(b) The corresponding dQ/dV plot further highlights the deviation in the electrochemical behavior between pristine 

NVPF and solvent-treated NVPF, confirming the observed differences in the charge-discharge curves. 

Supplementary Fig. S3.5 

 

A comparison was made between the observed capacity loss, taken from Fig. 3.3b in the main manuscript, and the 

calculated capacity loss resulting from the measured vanadium loss using ICP-MS from Fig. 3.2e. The absence of an 

apparent relation between the calculated and observed capacity loss suggests the presence of a complicated 

degradation phenomenon that is specific to the salt used. 
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Supplementary Fig. S3.6 

 

 

The 11BM synchrotron powder XRD pattern (Cu Kα = 0.4589 Å) for recovered Na1VPF powders after leaching 

treatment in the mentioned electrolyte at 55°C for 21 days. The XRD patterns of the unleached samples namely 

Na1V2(PO4)2F3 , Na2V2(PO4)2F3 and Na3V2(PO4)2F3 are presented for comparison.  
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Supplementary Fig. S3.7 

 

(a,b,c) HAADF-STEM images of crystallites in the SL-NVPF sample demonstrating numerous pits and cracks (look 

darker). (d) HAADF intensity and EDX signals profiles across a selected pit (green arrow in the image (c)). Drastic 

decrease of both HAADF and EDX signals indicates a loss of material. 
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Supplementary Fig. S3.8 

 

EDX spectra of the SL-NVPF crystal integrated over the areas of the core (a) and shell (b). Note distinctly different Na 

content. The V/P ratio is the same in both areas. 

Supplementary Fig. S3.9 

 

EELS spectra of the pristine NVPF sample and the reference V2O3 oxide demonstrating V3+ oxidation state in NVPF. 

  



 

 

228 Appendix 

 

Supplementary Fig. S3.10 

 

The PF6- and SL-NVPF was discharged to 2V and compared with pristine NVPF using NMR and IR spectroscopy 

measurements. Markers on the NMR curves indicate the changes as compared to pristine sample. (a) 31P NMR 

spectrum of PF6- , SL- and pristine NVPF in the discharged state. Peaks marked by * for PF6-NVPF show presence of 

another phase than NVPF. The peaks appeared at # for SL-NVPF are indication of vanadyl (V=O) type bond106 (b) 23Na 

NMR spectrum of PF6- , SL- and pristine NVPF in the discharged state. SL-NVPF shows broad hump (#) indicating the 

disorder in the Na position (c) Infrared spectrum of PF6- , SL- and pristine NVPF in the discharged state. The zoomed 

area of the marked region is presented for better visualization. The peak appearing at ~912 cm-1 for SL-NVPF 

corresponds to vanadyl (V=O) type bond. 107 
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Supplementary Fig. S3.11 

 

Typical EDX spectra from the Na-rich (a), Na-poor (b) crystallites and V-depleted shell (c) in the PF6-NVPF sample.  
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Supplementary Fig. S3.12 

 

EELS spectra of the core and shell areas of the PF6-NVPF sample. Note weaker V5+ signal at ~519.6 eV in the shell. 

Supplementary Fig. S3.13 

 

(a) The second cycle charge-discharge curve of pristine NVPF and acetonitrile treated NVPF in half cell mode with Na 

metal as counter and reference electrode with 1M NaPF6 dissolved in PC between 2-4.35 V at C/5 rate. The 

acetonitrile leached NVPF showed a sloppy profile similar to solvent leached profile in Supplementary Fig. S3.4. (b) 

IR spectrum of acetonitrile leached NVPF and solvent leached NVPF in a discharged state and pristine NVPF for 

comparison. Zoomed in part is presented for better visualization of vanadyl (V=O) peak at ~912 cm-1 appearing after 

treatment with carbonate solvents (SL) or acetonitrile. 
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Supplementary Fig. S3.14 

 

31P NMR spectrum of NaPF6 electrolyte and EC-PC-DMC solvent after reacting with Na1VPF for 21 days at 55°C. The 

31P spectrum of Aged NaPF6 electrolyte shows the signal of PF6 and fluorophosphates species POxFy, which are also 

observed in case of electrolyte oxidation of LiPF6 in Li-ion battery electrolyte. POx(OR)y species observed in the “Aged 

solvent” indicates the structural disintegration of phosphorous or phosphate from the NVPF lattice.  

Supplementary Fig. S3.15 

 

19F NMR spectrum of fresh and aged (obtained after reacting fresh electrolyte with Na1VPF for 21 days at 55 °C) 

NaPF6 electrolyte. The peak at -190 ppm indicates the presence of the HF.  
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Supplementary Fig. S3.16 

 

Mass spectra recorded for the gas inside the pouch bags after the leaching process of Na1VPF with NaTFSI (top) or 

NaPF6 (middle) for 21 days at 55°C. The pouch bags were bulged due to gassing after 21 days of storage at 55°C. A 

needle was pierced to the pouch and the gas was transported to the mass spectrometer via a capillary. Since the 

setup is not leak-proof, there is some quantity of atmospheric gases, for that purpose, the baseline spectra was 

collected (bottom spectra) to get atmospheric components. The black lines in the figure indicate the peaks due to 

the gases in column/ capillary. Due to large amount of CO2, a detection limit is set (shown by red dotted lines in the 

figure) to facilitate the view of less intense peaks. The peaks due to solvent decomposition is mentioned as ‘S’ and 

the peaks that are possible only by solvent oxidation (eg. HCHO) are shown by ‘*’. The peaks mentioned by ‘x’ are 

unidentified peaks. The possible component for the observed ratio m/z of NaTFSI and NaPF6 is presented in 

Supporting table S2. 
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Supplementary Fig. S3.17 

 

19F NMR spectrum of fresh and aged (obtained after reacting fresh electrolyte with Na1VPF for 21 days at 55 °C) 

NaTFSI electrolyte. The peak at -74 ppm is the result of oxidative decomposition of TFSI anion in presence of charged 

NVPF.  

Supplementary Fig. S3.18 

 

dQ/dV profile for (a) HC|Na cell cycled at C/10 rate and ambient temperature and (b) NVPF|Na half cell cycled at 

C/10 rate and ambient temperature. 
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Supplementary Fig. S3.19 

 

Cumulative charging profile for 10 cycles of NVPF-HC coin cell cycled with fresh (1M NaPF6 in EC-PC-DMC) and 

vanadium containing green electrolyte. Vanadium containg green electrolyte was prepared by washing the NVPF 

recovered from 18650 (Fig. 3.1) with EC-PC-DMC and adding 1M NaPF6. On the right, dQ/dV of the 10th cycle with 

the fresh and green electrolyte indicating the green electrolyte shows the 3.9 V fingerprint. 

Supplementary Fig. S3.20 
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51V NMR spectrum of aged NaPF6 electrolyte and aged solvent (obtained after reacting with Na1VPF for 21 days at 

55°C). 51V NMR is sensitive to only V5+, indicating the presence of V5+ in leached solvent and absence of V5+ in leached 

NaPF6. 
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Supplementary Fig. S3.21 

 

Three-electrode cyclic voltammetry of aged NaPF6 electrolyte. The potential window was increased from 2.2-4.3V 

vs. Na+/Na0 in first cycle to 1-4.3 V vs. Na+/Na0. For cyclic voltammetry glassy carbon as working electrode, Pt wire 

as counter electrode and Ag/Ag+ organic reference electrode is used. 

Supplementary Fig. S3.22 

 

Half cell profile for the pristine and aged electrodes recovered from the 18650 shown in Fig. 3.1. (a) NVPF|Na cells 

and (b) HC|Na cells. Note that the part of the capacity loss of the aged electrodes could be from the dedweight of 

degraded products.  
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Supplementary Fig. S3.23 

 

 

SEM and EDX mapping of phosphorous, carbon and vanadium for batch-1 and batch-2 of NVPF. Batch-1 NVPF had 

more carbon amount than batch-2 NVPF which is also reflected in the EDX carbon mapping represented. Additionally 

batch-2 NVPF had chunks of carbon with less homogenous coating.  
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Table S3.1 

 

Na2V2(PO4)2F3 

Space group Immm  

a = 6.311646(6) Å, b = 6.318539(6) Å and c = 10.817618(11) Å; Vol = 431.411(2) Å3 

Atom Wyckoff site x y z Biso (Å2) Occ 

P 4j 0 1/2 0.2501(2) 0.499(17) 1 

V 4i 0 0 0.18007(5) 0.500(11) 1 

O1 8l 0 0.3052(3) 0.1657(3) 1.094(19) 1 

O2 8m 0.3054(3) 0 0.8342(3) 1.094(19) 1 

F1 4i 0 0 0.64459(15) 1.172(19) 1 

F2 2a 0 0 0 1.172(19) 1 

Na 8n 0.3040(4) 0.3017(4) 0 2.19(7) 0.489(12) 

 

Crystal structure of the PF6-H2O-NVPF deduced from the Rietveld refinement of its synchrotron XRD pattern. 
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Table S3.2 

 

Possible fragmentation components for the observed mass spectra (presented in Supplementary Fig. S3.17) 

recorded for the gas  inside the pouch bags after the leaching process of Na1VPF with NaTFSI (top) or NaPF6 (middle) 

for 21 days at 55°C. Apart from the baseline gases (Ar, N2, O2, etc. from atmosphere), the fragments possibly originate 

from DMC solvent, CO2, CO, CH4, C2H4, CH2O, CH4O, etc. 
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S-4 Supplementary Information for Chapter 4 

o Methods 
Electrolyte Preparation: All the electrolytes were prepared by dissolving one molar NaPF6 (Stella, 

Japan) in battery grade solvents (DoDochem, China) in the Ar-filled glovebox (MBraun MB200B). 

The solvent mixture EC- PC- DMC in 1: 1: 1 volume ratio was dried by molecular sieves (4 Å, Sigma-

Aldrich) till its water content lower than 5 ppm, confirmed by Karl-Fisher titration (Metrohm 899 

coulometer). The additive NaODFB is prepared in-house as reported earlier and other additives 

Vinylene carbonate (TCI, Europe), Succinonitrile (Acros Organics), and Tris(trimethylsilyl) 

Phosphite (TCI, Europe) were purchased and used as such, except succinonitrile which is melted 

at 70 °C and weighed in liquid state.  

 

Electrochemical testing of NVPF/HC coin cells: Na3V2(PO4)2F3 and hard carbon coated on Al foil 

were received from Tiamat, France. NVPF and HC mass loading was roughly ~12 mg.cm-2 and ~6 

mg.cm-2, respectively. Active material: PVDF binder: conductive carbon for NVPF and HC was 

94:3:3. The electrodes were specially coated only on one side of the Al foil for conducting the 

studies in coin cells, however they are designed to have exact mass loading as in cylindrical 18650 

cells. The electrode thickness, active material to conducting carbon and binder ratio, porosity etc 

were maintained the same as in 18650 cells. All of the electrodes were dried in a Buchi oven 

under vacuum (lower than 100 mbar) at 80° C for 12 h prior to being transferred into the 

glovebox. The electrochemical performance of NVPF/HC full cells were evaluated in 2032- type 

coin cells separated by two layers of glass fiber containing 150 μL of desired electrolytes. All cells 

were galvanostatically cycled by using MPG2 potentisostat or BCS battery cycler (Bio-Logic, 

France) at 55 °C, and the cycling rates were calculated with respect to NVPF (1C = 128 mA g−1).  

 

Sensing and Electrochemical testing of NVPF/HC cylindrical 18650 cells: Hermetically sealed 

NVPF/HC cylindrical 18650 cells without electrolyte were received from Tiamat, France. A 0.8 mm 

diameter hole was drilled into the negative pole of the dry, 18650 cells. The position was selected 

according to the welding point of the negative current collector, which was close to the center of 

the negative pole. This choice of the position helped in avoiding destruction of the jelly roll and 
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in preventing the strain interaction between the FBG sensors and the jelly roll. All of the 18650 

cells were dried in Buchi oven under vacuum at 80 °C for 12 h prior to being transferred into the 

glovebox. The 18650 cells were then filled with 5.5 mL of desired electrolyte inside the glovebox. 

Then the FBG sensors were inserted into the central void of the jelly roll through the drilled hole 

using a needle. The interface between the needle containing the FBG sensor and the 18650 cell 

was subsequently sealed with an epoxy that was cured for 24 h; all processes were performed 

inside the glove box whose O2 and H2O content was maintained less than 0.1 ppm. Cells were 

cycled using BCS battery cycler (Bio-Logic, France) by keeping the cells inside an oven at 55 °C, 

and the cycling rates were calculated on the basis of NVPF material (1C = 128 mA g−1). Sensors 

were connected to FBGuard1550 (Safibra) or LUNA Si255 (Micron Optics) interrogator via optical 

fibres. The sampling period of the interrogator was set to 1 s. According to the mentioned 

specifications, wavelength accurcy of the interrogators is 1pm. The FBGs were purchased from 

SAMYON and calibrated before use. 

 

Calibration of FBG sensors: The temperature calibration of the FBG sensors was conducted in 

the temperature ovens (IPP110, Memmert) after being inserted into the 18650 cells, from 55 °C 

to 45 °C in 5°C increments. The thermal rate constant, kT, was then linearly fitted according to 

the equation, ∆λB = kT∆T with ∆λB and ∆T being the Bragg wavelength shift and the temperature 

change, respectively.  

 

Calibration of optical sensing calorimetry: According to the zero-dimensional thermal model (see 

Fig. S4.2a in the Supporting Information), the heat generation rate of the cell, �̇�, can be 

calculated by  

 �̇� = 𝑀𝐶𝑃
𝑑𝑇

𝑑𝑡
+ �̇�  (1) 

where 𝑀 is the mass of the cell, 𝐶𝑃 is cell’s specific heat capacity, T is the spatially average 

temperature of the cell, and t is the time, and �̇� is the heat dissipation rate of the cell to the 

environment. T is estimated according to the geometry, the internal and the surface 

temperatures of the cell, see the details of the previous study244. The thermal model also gives  
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 �̇� =  
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒− 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑅𝑜𝑢𝑡
 (2) 

where 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 are the temperatures at the surface of the cell and the ambient 

environment, respectively, and 𝑅𝑜𝑢𝑡 is the equivalent thermal resistance between the cell’s 

surface and the ambient. To calculate the �̇� in real time, we determined the intrinsic parameters 

(𝑀𝐶𝑃 and 𝑅𝑜𝑢𝑡) by applying an alternative galvanostatic pulse at a frequency of 2 Hz to the cell 

for producing known �̇� (see Fig. S4.2b in the Supporting Information), zoomed view of the pulse 

is presented on the right part of Fig. S4.2b (in the Supporting Information). Namely, because the 

sum of the reversible entropy terms over a cycle is zero, we calculated �̇� by the equation, �̇� =

 ∮ 𝐼𝑉
𝐶𝑦𝑐𝑙𝑒

, where the voltage (V) and the current (I) were recorded by the potentiostat. Together 

with the temporal temperature data, 𝑅𝑜𝑢𝑡 can be determined during the steady state (when 
𝑑𝑇

𝑑𝑡
=

0 and thus �̇� = �̇�, see Fig. S4.2c in the Supporting Information) by 𝑅𝑜𝑢𝑡 =  
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒− 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

�̇�
 from 

Equation (2). In addition, 𝑀𝐶𝑃 was then calculated in the transient state (Fig. S4.2c in the 

Supporting Information) by linearly fitting �̇� −  �̇� = 𝑀𝐶𝑃
𝑑𝑇

𝑑𝑡
 from Equation (1), where �̇� was 

computed by the determined 𝑅𝑜𝑢𝑡 and Equation (2). Afterwards, we could derive �̇� under any 

electrochemical conditions according to Equations (1) and (2) by the operando temperature data 

and the pre-determined 𝑀𝐶𝑃 and 𝑅𝑜𝑢𝑡.  

Operando pressure monitoring via optical sensors: In order to examine the operando pressure 

accumulation in different electrolyte formulae, we simultaneously inserted a FBG in a single-ring 

suspended microstructured optical fiber (MOF-FBG) with a high pressure sensitivity (𝑘𝑃,𝑀𝑂𝐹) of -

2.7 pm bar-1 and a FBG in a single-mode fiber (SMF-FBG) with a low pressure sensitivity (𝑘𝑃,𝑆𝑀𝐹) 

of -0.3 pm bar-1 into the 18650, see more details in our previous work244. Due to the remarkable 

pressure sensitivity of MOF-FBG, the pressure change (∆𝑃) can be calculated as follows244. 

 ∆𝑃 =  
𝑘𝑇,𝑆𝑀𝐹∆𝜆𝐵,𝑀𝑂𝐹−𝑘𝑇,𝑀𝑂𝐹Δ𝜆𝐵,𝑆𝑀𝐹

𝑘𝑇,𝑆𝑀𝐹𝑘𝑃,𝑀𝑂𝐹−𝑘𝑇,𝑀𝑂𝐹𝑘𝑃,𝑆𝑀𝐹
  (3) 

where 𝑘𝑇,𝑆𝑀𝐹 and 𝑘𝑇,𝑀𝑂𝐹 are the thermal rate constants of SMF-FBG and MOF-FBG, respectively, 

and Δ𝜆𝐵,𝑆𝑀𝐹 and ∆𝜆𝐵,𝑀𝑂𝐹 are the Bragg wavelength shifts of SMF-FBG and MOF-FBG, respectively 
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Electrochemical testing of NVPF and HC symmetric cell: Two NVPF-HC full cells with the same 

electrolyte were assembled in CR-2032 type coin cells inside an Ar-filled glovebox. Both the cells 

were cycled for one cycle to complete the formation of the cell. Then one of the two cells was 

charged to 4.3 V (constant current CC mode) and kept at 4.3 V (constant voltage CV mode) for 12 

hours, another cell was kept at 2 V (CC- CV). Both the cells were removed from the cycler at the 

same time and then decrimped inside the glovebox. The NVPF and HC electrodes removed from 

cell discharged to 2 V is used as +ve NVPF (Na~3V2(PO4)2F3) and -ve HC (de-sodiated HC). Similarly, 

NVPF and HC removed from cell charged to 4.3 V is used as -ve NVPF (Na~1V2(PO4)2F3) and +ve 

HC (sodiated HC). The +ve NVPF/-ve NVPF and +ve HC/-ve HC symmetric cells were assembled 

using the aforementioned electrode with the electrolyte formulation which was used in full cells 

to get these electrodes. The cells were cycled at room temperature at C/5 rate. All cells were 

duplicated and the results were compared only when the reproducibility was assured.  

 

Online electrochemical mass spectrometry: Slurries comprising either 90 wt% of NVPF, 5 wt% of 

conductive carbon SC65, and 5 wt% of PVdF binder, or 80 wt% of HC, 10 wt% of conductive carbon 

SC65, and 10 wt% of PVdF binder were cast on an Al mesh and subsequently punched into 

electrode discs of 13 mm in diameter. In-house designed OEMS full cells were assembled in an 

Ar-filled glovebox with both H2O and O2 contents less than 0.1 ppm, using an NVPF disc as 

cathode, one piece of Whatman GF/D glassfibre as separator, an HC disc as anode, and 150 μL of 

Na-based electrolyte. The cells were cycled between 1.8 – 4.3 V inside a temperature chamber 

at 55 °C using a current density of 12.8 mA g-1. H2, CO2, and C2H4 amounts were quantitatively 

measured by a quadrupole mass spectrometer (Pfeiffer, Switzerland), where the technical details 

can be found elsewhere267. 
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o Supplementary Figures 
Supplementary Fig. S4.1 

 

Battery Vent Gas Species Compositions from Literature with main gases as H2, CO, CO2 and the hydrocarbons.  
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Supplementary Fig. S4.2 

 
 a) Thermal equivalent circuit for zero dimensional thermal model used for sensing calorimetry. b) The voltage vs. 

time behavior of NVPF/HC cylindrical 18650 cell during the alternative galvanostatic pulse at a frequency of 2 Hz is 

shown for the complete data (b, left) and for one full cycle (b, right). Applied current gives the rate of heat generation 

(�̇�) and is calculated as �̇� =  ∮ 𝐼𝑉
𝐶𝑦𝑐𝑙𝑒

. c) Thermal response corresponding to the applied galvanostatic pulse for 

ambient, surface and internal sensors. Temperature response is divided into transient state and steady state. 𝑅𝑜𝑢𝑡 

is determined from steady state and then 𝑀𝐶𝑃 (~38 J K-1) is calculated from the transient state (See Calibration of 

optical sensing calorimetry in Experimental Procedure for details). 
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Supplementary Fig. S4.3 

 

 

The three electrode cycling data of NVPF/HC cell where the cell was cycled using NVPF and HC as positive and 

negative electrodes respectively while a piece of sodium metal is used as the reference electrode. The black curve 

shows the potential evolution of the NVPF/HC cell as a function of capacity whereas blue and red curves represent 

the corresponding potential of individual electrodes (NVPF and HC) measured against sodium metal. For example, 

2.6 V and 2.8 V in the NVPF/HC full cell nearly corresponds to 1 V and 0.85 V of HC versus Na. Similarly, the 3.8 V in 

NVPF/HC cell corresponds to 1 sodium removal from NVPF. The capacity is measured with respect to the active 

material weight of NVPF.  
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Supplementary Fig. S4.4 

 

 

The 1st cycle data of NVPF/HC cylindrical 18650 cells used for the sensing studies. Minimum 2 cells were assembled 

for each electrolyte formulation and the cells are kept in 55 °C oven and cycled at C/10 rate. The electrolyte studied 

are the control electrolyte (1 M NaPF6 in EC- PC- DMC 1: 1: 1 by volume) with no additive or having additives namely 

0.5 wt% NaODFB, 0.5 wt% NaODFB+ 3 wt% VC, 0.5 wt% NaODFB+ 3 wt% VC+ 3 wt% SN and 0.5 wt% NaODFB+ 3 wt% 

VC+ 3 wt% SN+ 0.2 wt% TMSPi respectively. The mentioned additive combinations are blended in control electrolyte 

and named using the additives present in that specific electrolyte formulation. The first cycle irreversible capacities 

are mentioned in the figures. The dotted line in the figure indicates the theoretical capacity limit of the cell.  
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Supplementary Fig. S4.5 

 

Capacity derivative dQcap/dV vs. voltage (V) plots for the 1st charge of the NVPF/HC cylindrical 18650 cells. The voltage 

region from OCV- 3.8 V are shown in left and 3.8- 4.25 V in right. The electrolyte studied are the control electrolyte 

(1 M NaPF6 in EC- PC- DMC 1: 1: 1 by volume) with no additive or having additives namely 0.5 wt% NaODFB, 0.5 wt% 

NaODFB+ 3 wt% VC, 0.5 wt% NaODFB+ 3 wt% VC+ 3 wt% SN and 0.5 wt% NaODFB+ 3 wt% VC+ 3 wt% SN+ 0.2 wt% 

TMSPi respectively. Amount of e- involved in the reaction corresponding to a particular peak is presented in the 

figure and is calculated with respect to NVPF.  
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Supplementary Fig. S4.6 

 

Derivative heat dQheat/dV vs. voltage (V) plots for the 2nd and 3rd charge of the NVPF/HC cylindrical 18650 cells cycled 

at C/10 in 55°C oven. The electrolyte studied are the control electrolyte (1 M NaPF6 in EC- PC- DMC 1: 1: 1 by volume) 

with no additive or having additives namely 0.5 wt% NaODFB, 0.5 wt% NaODFB+ 3 wt% VC, 0.5 wt% NaODFB+ 3 wt% 

VC+ 3 wt% SN and 0.5 wt% NaODFB+ 3 wt% VC+ 3 wt% SN+ 0.2 wt% TMSPi respectively. A clear evolution in 

exothermic heat was observed in moving from 2nd charge to 3rd charge, especially above 3.8 V; however the 

evolutions are minimum in (c), (d) and (e) indicating faster stabilisation of positive electrode in these electrolytes. 

(The data were derived from same cells whose first charges were shown in supporting Fig. S4.4 and S4.5. 
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Supplementary Fig. S4.7 

 

 

Comparison of derivative heat (dQheat/dV) with derivative capacity (dQcap/dV) as a function of potential (V) for the 

NVPF/HC cylindrical 18650 cells using 1M NaPF6 in EC- PC- DMC (1: 1: 1 by volume) with additives NaODFB+ VC. The 

cells were cycled at 55°C using C/10 rate. The total heats (in joules per gram of NVPF) for each exothermic peak were 

measured by integrating the total area under the peak and are mentioned in (a). Similarly, the corresponding 

electrons involved were measured from the capacity obtained in that voltage region and converting them to Na, 

hence electrons (e-). The heat evolution peaks at 2.6 V and 2.8 V have almost similar area but the corresponding e- 

involved at 2.6 V are less than that at 2.8 V, indicating the process at 2.6 V is highly exothermic chemical/ 

electrochemical reaction. 
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Supplementary Fig. S4.8 

 

 

The heat derivatives dQheat/dV vs. V of NVPF/ HC cylindrical 18650 cells cycled at 55 °C. The data from two different 

electrolyte formulations were compared in which one electrolyte was 1 M NaPF6 in EC-PC-DMC (1 :1: 1 by volume) 

with solely 3 wt% VC as additive and the other one had 0.5 wt% NaODFB+ 3%VC. In short, both electrolytes differ 

only by presence or absence of NaODFB additive. Relatively lesser heat was observed at 2.6 V process when VC is 

used together with NaODFB indicating the possible suppression of VC reduction by the addition of NaODFB.  
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Supplementary Fig. S4.9 

 

Voltage vs. capacity (Q-Q0) of NVPF/HC coin cells cycled with different electrolyte formulations at 55 °C. The cells 

were cycled for 10 cycles at C/5 rate and allowed to rest during the 11th charge at 4.3 V (100 % SOC) for 1 week. The 

cycling curves for the initial 10 cycles and the next 10 cycles after self- discharge tests were cumulated in left and 

right. The consolidated parameters such as capacity loss and change in polarisation during self-discharge, capacity 

retention are reported in Figure 3. Capacity losses happening at end of discharge and at around 50% SOC are marked 

in the Figure. Feature at 50 % SOC is the signature of NVPF and changes in that feature is directly correlated to the 

slippage of NVPF. The least capacity loss was observed with electrolyte containing 4 additives NaODFB+ VC+ SN+ 

TMSPi.  
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Supplementary Fig. S4.10 

 

The end point slippage capacity in charge and discharge are measured as shown in Figure S10(a). The values for 10 

cycles were calculated together to minimize the experimental error. The values thus calculated before and after self-

discharge for various cells using different electrolyte formulations were consolidated in Figure S10(b). Highest end 

point slippage in charge is observed with electrolyte containing NaODFB+ VC specifying its poor oxidative stability. 

Such end point slippage is reduced with the addition of SN and TMSPi. Still, a small increase in both charge and 

discharge end point slippage capacity is observed with NaODFB+ VC+ SN+ TMSPi than that of the electrolyte without 

TMSPi (NaODFB+ VC+ SN). It could be related to the oxidation of TMSPi or its reduction product in the positive 

electrode.  

Supplementary Fig. S4.11 

 

a) The dV/dQ for the NVPF discharge and HC charge for the half cells with the features marked for NVPF and HC. b) 

dV/dQ for the discharge of NVPF|HC full cells with the features marked for NVPF and HC respectively.   
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Supplementary Fig. S4.12 

 

(a) The 1st and 30th cycle of NVPF symmetric cells with control electrolyte and the fitted +ve NVPF (dahshed) and –

ve NVPF (dotted) curves. Electrode slippage at –ve NVPF(0.84 mAh) and +ve NVPF(0.59 mAh) is indicated. After 100 

cycles, NVPF symmetric cell was decrimped and +ve NVPF/Na and –ve NVPF/Na half cells were prepared and sodium 

was extrated from NVPF, (c) shows the half cell curves. To our surprise both the NVPF had almost 3 sodium.(b) The 

1st and 30th cycle of HC symmetric cells with control electrolyte and the fitted +ve HC (dashed) and –ve HC (dotted) 

curves. In this case slippage of +ve HC (0.21 mAh) is significantly higher than the  -ve HC (0.03 mAh). After 100 cycles, 

HC symmetric cell was decrimped and +ve HC/Na and –ve HC/Na half cells were prepared and sodium was extrated 

from HC, (d) shows the half cell curves. Total Na+ in the HC electrodes is 0.27 (where x=1 corrosponds to 300mAh/g 

of capacity for NaXC7.44). Note that the +ve NVPF is the one with more Na and –ve NVPF is the one with less Na. +ve 

HC is the one with more Na and –ve HC is the one with less Na.  
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Supplementary Fig. S4.13 

 

Deconvoluted electrode curves, namely +ve NVPF (with more Na content) and –ve NVPF (for less Na content) are 

extracted from the dV/dQ fitting of charging curves of NVPF symmetric cells. a) Control electrolyte. b)NaODFB+VC. 

c)NaODFB+VC+SN and d) NaODFB+VC+SN+TMSPi electrolyte. Note that the +ve NVPF is the one with more Na and 

–ve NVPF is the one with less Na. +ve HC is the one with more Na and –ve HC is the one with less Na. 

 

 

 

 

 



 

 

255 Appendix 

Supporting Notes. 

Note S4.1. To make symmetric cells, both the NVPF and HC electrodes are sodiated or desodiated as per 

the requirement (explained in Experimental Procedure), in NVPF/ HC full cells using the electrolyte 

formulation under study. The cells are decrimped and the electrodes recovered and used without washing 

the formed SEI/CEI. The desodiated NVPF (-ve NVPF) in Fig 4.9c doesn’t start with composition 

Na1V2(PO4)2F3 , but with slightly more sodium. Similarly, Sodiated HC starts with the less sodium than it 

was sodiated (Fig 4.9d). After many experimental trials, it was observed that it was impossible to avoid this 

behavior entirely. The possible reason of this behaviour could be the process of decrimping the cell and 

assembling it again with fresh electrolyte. Since sodiated HC and desodiated NVPF materials are highly 

reactive they will try to lose and gain sodium, respectively.  

Note S4.2. In Fig. S4.12a the slippage at –ve electrode is 0.84 mAh which is more than the slippage at +ve 

electrode, 0.59mAh. Refereing to the starting point of fitted curves,  –ve NVPF and +ve NVPF slippage is 

attributed to the gain and loss of Na+ respectively, considering there is no mass loss. The same behaviour 

of –ve NMC slippage more than +ve NMC slippage can be observed in NMC symmetric cells. This indicates 

that there is increase in the total sodium content in the electrode.To confirm this, after 100 cycles, NVPF 

symmetric cell was decrimped and +ve NVPF/Na and –ve NVPF/Na half cells were prepared and sodium 

was extrated from NVPF(shown in Fig. S4.12c), to our surprise both the NVPF had almost 3 sodium. This 

indicates gain of sodium from electrolyte, which happens with simultaneous oxidation of electrolyte. Since 

both NVPF electrodes are at high voltage, the possibility of electrolyte reduction is negligible, hence the 

only dominant mechanism of degradation is electrolyte oxidation. This eliminates the cross talk caused by 

the reaction of reduced and oxidized species on cathode and anode electrode respectively. From the 

slippage of the individual electrode curves, it is established that the additive which decreases the extent of 

electrolyte oxidation decreases the slippage in the electrode and hence stabilizes symmetric cell capacity.  

Note S4.3. In Fig. S4.12b the slippage of +ve HC (0.21 mAh) is significantly higher than the  -ve HC (0.03 

mAh). Referring to the starting point of fitted curves, it is evident that slippage at +ve HC and –ve HC stems 

from Na+ loss and Na+ gain, respectively, considering there is no mass loss. To confirm this, after 100 

cycles, HC symmetric cell was decrimped and +ve HC/Na and –ve HC/Na half cells were prepared and 

sodium was extrated from HC (shown in Fig. S4.12d). Total extracted Na+ in the HC electrodes is 0.27 

(where x=1 corrosponds to 300mAh/g of capacity for NaXC7.44). The initial Na+ amount after sodiation of HC 

for symmetric cells was 0.63(calculated from the capacity obtained in the first cycle of symmetric cell). This 

indicates loss of sodium to electrolyte with simultaneous electrolyte reduction and SEI growth. Since both 

HC electrodes are at low voltage, so the possibility of electrolyte oxidation is negligible.  
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S-5 Supplementary Information for Chapter 5 

o Methods 
Ionic conductivity measurements: Bulk ionic conductivity of the electrolyte solutions was 

measured using a Mettler Toledo S230 conductivity meter. For accurate measurements, the 

conductivity meter was calibrated using a known standard solution of conductivity 12.88 mS 

cm−1 at 25 °C. 5mL of the electrolyte was taken in a 15ml polypropylene centrifuge tube and was 

then placed in a thermostatic bath. Conductivity was measured at -10, 0, 10, 25, 40 and 55 °C 

respectively. At each temperature step, a constant temperature was maintained for at least 2 

hours to allow the electrolyte temperature to equilibrate with the bath temperature. 

Measurement was performed twice to confirm the reproducibility of the data.  

Electrochemical full cells testing: Na3V2(PO4)2F3 and HC coated on Al foil were received from 

TIAMAT, France. The electrodes were coated on one side of the foil with keeping the mass loading 

the same as commercial 18650 cells. NVPF and HC mass loading was roughly ~12 mg.cm-2 and ~6 

mg.cm-2, respectively. Active material: PVDF binder: conductive carbon for NVPF and HC was 

94:3:3. The electrode thickness, active material to conducting carbon and binder ratio, porosity, 

etc. were maintained the same as in 18650 cells. Before assembling the coin cells, electrodes of 

12.7mm diameter were punched and dried in a Buchi oven under vacuum (lower than 100 mbar) 

at 80 °C for 12 h. The electrochemical performance of NVPF/HC full cells was evaluated in 2032- 

type coin cells separated by two layers of glass fiber containing 150 µL of desired electrolytes. All 

cells were galvanostatically cycled using MPG2 potentiostat or BCS battery cycler (Bio-Logic, 

France), and the cycling rates were calculated with respect to NVPF (1C = 128 mA g−1). For 

electrolyte preparation, classic organic solvents were used throughout the thesis namely 

ethylene carbonate (EC), propylene carbonate (PC) and dimethyl carbonate (DMC) containing 

water amount less than 10ppm. The Control electrolyte throughout is 1M NaPF6 in EC-PC-DMC 

(1:1:2 by vol %). Electrolyte with Additives (or Add) contains 0.5% NaODFB, 3% VC, 3% SN and 

0.2% TMSPi. When MA/EA is added, the mentioned x% represents that x% of solvent was 

replaced with MA/EA. Two cells were assembled for each experiment to confirm the 

reproducibility of the data.  
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Electrochemical Impedance Spectroscopy (EIS) measurements: A BioLogic MPG2 cycler was 

used to measure electrochemical impedance spectra of the full coin cells. The spectra were 

collected over a frequency range of 20 kHz to 10 mHz with six points per decade with a 

perturbation amplitude of 10 mV. Spectra were collected at 10°C, 25°C, 40°C, and 55°C. Two cells 

were assembled for each experiment to confirm the reproducibility of the impedance data. 

Electrodes of 12.7mm diameter (and of 1.267 cm2 area) were used for impedance 

measurements. 

o Supplementary Figures 
Supplementary Fig. S5.1 

 

Ionic conductivity values of the electrolyte blends Control (1M NaPF6 in EC-PC-DMC 1:1:2 by vol %), 20%MA + Control 

(1M NaPF6 in EC-PC-DMC-MA 1:1:2:1 by vol %) and 20%EA + Control (1M NaPF6 in EC-PC-DMC-EA 1:1:2:1 by vol %) 

measured at -10°C, 0°C, 10°C, 25°C, 40°C and 55°C.    

Supplementary Fig. S5.2 

 

Cycling protocol at 55°C and C/5 rate that is used to rapidly screen the electrolyte blends. It starts with 10 normal 

cycles (in black color). The 11th cycle (in red color) consists of charge to 4.3V (100%SOC), storage for 1 week in 

charged state and then discharge. Then further cycling continues (in blue color). Continuous cycling gives information 

only about cycle life of a battery and not the calendar life. The self-discharge during the storage cycle (11th cycle) 
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gives indication about the calendar life of the cell. This is rather an important factor since in real life applications, 

battery stays in both storage state (when it is not (dis)charging) and cycling state.  

Supplementary Fig. S5.3 

 

The representative voltage vs. capacity data of (first 12 cycles with self-discharge test) NVPF/HC coin cell using the 

protocol mentioned in Fig. S5.2. It is evident that huge amount of capacity is lost due to the parasitic reactions during 

storage at 100% SOC (4.3 V) causing self-discharge of the cell and capacity loss in the 11th cycle. This can be formalized 

in terms of Self-discharge (%), which is (Qdischarge-11th/ Qdischarge-10th) x 100. Some of the lost capacity is recovered as 

seen from increase in capacity in recovery cycle (12th cycle). This recovered capacity is formalized as Recovery (%), 

which is (Qdischarge-12/ Qdischarge-10) x100.  

Supplementary Fig. S5.4 

 

The percentage discharge capacity vs. cycle number for NVPF/HC cells using 1M NaPF6 in EC: PC: DMC (1:1:2 by 

volume) as a control electrolyte and 20%MA +Additives (1M NaPF6 in EC:PC:DMC:MA (1:1:2:1 by volume) and 3%VC, 

0.5%NaODFB, 0.2% TMSPi and 3%SN). Control electrolyte seems to be stabilized after self-discharge but electrolyte 
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containing MA is degrading with more slope in discharge capacity vs. cycle number plot. This could be attributed to 

high amount of MA (20% of solvent) in the electrolyte and high temperature 55°C.  

 

Supplementary Fig. S5.5 

 

The percentage discharge capacity vs. cycle number for NVPF/HC cells using Additives electrolyte (1M NaPF6 in 

EC:PC:DMC (1:1:2 by volume) and 3%VC, 0.5%NaODFB, 0.2% TMSPi and 3%SN) and 20%MA +Additives (1M NaPF6 in 

EC:PC:DMC:MA (1:1:2:1 by volume) and 3%VC, 0.5%NaODFB, 0.2% TMSPi and 3%SN). Here the capacity retention 

for both the electrolytes seems similar for first 10 cycles but the electrolyte without MA has low self-discharge and 

recovery during storage cycle as well as better retention after that. It can be inferred that optimized additives helps 

in improving the stability of the MA containing electrolyte but they do not stop parasitic reactions caused by MA 

completely.  
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Supplementary Fig. S5.6 

 

The equivalent circuit model is used to fit the NVPF/HC coin cell impedance. Rs (solution resistance) that represents 

the electronic resistance in the electrodes and ionic resistance in the electrolyte. Rcontact corresponds to all the 

contacts in the coin cell and CPE parallel to it represents constant phase element (from imperfect capacitive effects) 

from all the interfaces like electrode film and current collector etc. Desolvation of Na+ and its travel across CEI/SEI 

into the electrode particle is denoted as Rcharge transfer and the CPE parallel to it is from the double layer capacitance 

at the electrode interface.  

Supplementary Fig. S5.7 

 

Values of the solution resistance (Rs), contact resistance (Rcontact) and charge transfer resistance (Rcharge transfer) fitted 

using model described in Fig. S5.6. for the impedance data presented in Fig. 5.7.  
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Supplementary Fig. S5.8 

 

Impedance taken at 50% SOC or 3.6 V of the cell at 25 °C for the 18650 type NVPF/HC cell were filled with homemade 

electrolyte blends Control (1M NaPF6 in EC:PC:DMC:MA , 1:1:2:1 by volume) and 20% MA+Additives (1M NaPF6 in 

EC:PC:DMC:MA (1:1:2:1 by volume) and 3% VC, 0.5% NaODFB, 0.2% TMSPi and 3% SN). and cycled at 25°C and 

C/2:D/2 rates. 

Supplementary Fig. S5.9 

 

Voltage curves of NVPF and HC in three-electrode configuration at C/10 and 25°C. The NVPF electrode (black line) 

exhibited very less polarization throughout the cycling. In contrast, the HC showed (blue line) higher polarization in 
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the initial stages of sodiation (mentioned low voltage region in figure as the full cell potential is low at this region). 

As a result, the NVPF-HC full cell (red line) polarization is higher in low voltage region than high voltage region and 

it is mainly contributed from the voltage hysteresis of HC. Even at very low rates, the hysteresis cannot be completely 

removed and it is reported to be thermodynamic hysteresis343,344 of the electrode materials. This thermodynamic 

hysteresis can be calculated by going at very slow C rates (C/100 or C/500) and known as zero-current voltage gap. 

In the present study, for comparing the role of different electrolyte formulations in determining the rate capability 

of the cells, the thermodynamic hysteresis of electrode materials were maintained constant by using NVPF and HC 

electrodes derived same batch of raw materials and processed in the same way with similar mass loading, porosity 

etc. 

Supplementary Fig. S5.10 

 

Discharge capacity vs. cycle number for 18650 type NVPF/HC cell were filled with homemade electrolyte 20% 

MA+Additives (1M NaPF6 in EC:PC:DMC:MA (1:1:2:1 by volume) and 3% VC, 0.5% NaODFB, 0.2% TMSPi and 3% SN). 

The cell was cycled at cycled at 25°C using C/2:D/2 rate after the formation cycle.  
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S-6 Supplementary Information for Chapter 6 

o Methods 
Electrochemical analyses: All electrochemical tests were carried out using either MPG2 

potentiostat or BCS battery cycler (Bio-Logic, France). Four different cell configurations are used 

in the manuscript to compare Li- and Na-ion cells. The mainly studied cell configurations are, (i) 

LiNi0.8Mn0.1Co0.1O2 // 1M LiPF6 in ethylene carbonate (EC)-dimethyl carbonate (DMC) (1:1) // 

Graphite, (ii) LiFePO4 // 1M LiPF6 in EC-DMC (1:1) // Graphite, (iii) Na3V2(PO4)2F3 // 1M NaPF6 in 

EC-propylene carbonate (PC)-DMC (1:1:1) // Hard carbon and (iv) O3 NaNi0.45Zn0.05Mn0.35Ti0.15O2 

// 1M NaPF6 in EC-PC-DMC (1:1:1) // Hard carbon. In all these configurations, the active material 

is mixed with conducting carbon and coated on Cu (graphite) or Al (all other materials) foil using 

polyvinylidene fluoride (PVDF) binder. The active material masses for positive and negative 

electrodes were balanced considering their practical capacities with the negative to positive (n/p) 

ratio of 1.1. The electrodes are punched into 11 mm diameter for studies in Swagelok type cells 

and 12.7 mm diameter for 2032 coin cells. The electrodes are dried at 100°C in a vacuum and 

transferred to argon filled glove box where the cell assemblies were carried out. The electrolytes 

were homemade by dissolving the dry LiPF6/ NaPF6 in mentioned solvent(s). The solvents used in 

this study are battery grade EC, PC, DMC etc, purchased from E-lyte, Germany. The solvents were 

dried over molecular sieves and tested for water content using Karlfisher titration. The water 

content was always less than 10ppm in the used solvents. 

Two types of cell designs were used. (i) Three electrode cells: Swagelok type three electrode cells 

were used for the analyses. Lithium metal is used as a reference electrode for Li-ion cells and 

Na3V2(PO4)3 charged to 3.4V (50% state of charge) is used as a reference electrode for Na-ion 

cells. Tests were carried out at either C/10 or C/5 rates at 25 C.  

(ii) Full cells testing: The Li (Na)-ion cells assembled using insertion electrodes for both positive 

and negative electrodes (vs. Li(Na)- metal as a negative electrode in Li(Na)-half cell) are termed 

as full cells throughout the text. The long cycle performance of different electrodes with or 

without 0V hold was measured in coin type 2032- cells. The dried electrodes were separated by 

two layers of glass fiber containing 150 µL of desired electrolytes.  
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Electrochemical Impedance Spectroscopy (EIS) measurements: The impedance spectra were 

collected in coin cells, over a frequency range of 20 kHz to 10 mHz with six points per decade and 

a perturbation amplitude of 10 mV. Two cells were assembled for each experiment to confirm 

the reproducibility of the impedance data and measurements were done at 25°C.  

X-ray photoelectron spectroscopy analyses: X-ray photoemission spectroscopy (XPS) 

measurements were carried out with a THERMO Escalab spectrometer, using focused 

monochromatic Al Kα radiation (hν = 1486.6 eV) and equipped with an argon-filled glove box. 

The HC samples were cycled using the prescribed condition and removed at 2V, washed using 

dry DMC and sealed in argon. The samples were preserved from moisture and air at all times 

from their preparation to their analysis. Peaks were recorded with a constant pass energy of 20 

eV. The pressure in the analysis chamber was around 5×10-8 mbar. The binding energy scale was 

calibrated using the C 1s peak at 285.0 eV from the hydrocarbon contamination present at the 

surface of the sample. The spectra were fitted using a minimum number of components. Several 

spectra were recorded at different times to check that the samples were not subjected to 

degradation during the X-ray irradiation. 

Operando optical calorimetric analyses: Hermetically sealed NVPF/HC cylindrical 18650 cells 

without electrolyte were received from Tiamat, France. A 0.8 mm diameter hole was drilled into 

the negative pole of the dry, 18650 cells. The position was selected according to the welding 

point of the negative current collector, which was close to the centre of the negative pole. This 

choice of position helped in avoiding the destruction of the jelly roll and in preventing the strain 

interaction between the TFBG sensors and the jelly roll. All of the 18650 cells were dried in a 

Buchi oven under vacuum at 80 °C for 12 h prior to being transferred into the glovebox. The 

18650 cells were then filled with 5.5 mL of the desired electrolyte inside the glovebox. Then the 

FBG sensors were inserted into the central void of the jelly roll through the drilled hole using a 

needle. The interface between the needle containing the TFBG sensor and the 18650 cell was 

subsequently sealed with an epoxy that was cured for 24 h; all processes were performed inside 

the glove box whose O2 and H2O content was maintained at less than 0.1 ppm. Cells were cycled 

using BCS battery cycler (Bio-Logic, France) by keeping the cells inside an oven at 55 °C, and the 

cycling rates were calculated on the basis of NVPF material (1C = 128 mA g−1). Sensors were 
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connected to FBGuard1550 (Safibra) or LUNA Si255 (Micron Optics) interrogator via optical 

fibers. The sampling period of the interrogator was set to 1 s. According to the mentioned 

specifications, the wavelength accuracy of the interrogators is 1 pm. The FBGs were purchased 

from SAMYON and calibrated before use. The temperature calibration of the FBG sensors was 

conducted as reported previously.244,252,253  

o Supplementary Figures 
Supplementary Fig. S6.1 

 

The separator removed from the NMC811-Li-graphite three electrode cell after a single 0V hold for 24 hours. The 

reddish regions in the separator is due to dissolved Cu from the current collector. 

Supplementary Fig. S6.2 

 

Normalized polarization evolution as a function of cycle number for the (a) NMC811-graphite and (b) LFP-graphite 

cells with the continuous cycling and with the 0V hold protocol (described in Supplementary  Figure S2). Huge 

polarization increase in NMC811-graphite cells after two 0V holds represent the rapid cell degradation. On the 

contrary the LFP-graphite cells show comparatively slower increase in polarization upon cycling with 0V hold.  
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Supplementary Fig. S6.3 

 

Charging profile of the NVPF-HC cells containing 1M NaPF6 in EC-PC-DMC (1:1:1 by volume) electrolyte which 

undergone constant voltage hold at lower cut-off voltages of 2V, 1V, 0V and -1V for 24h. An increase in discharge 

capacity is observed by reducing the potential from 2V to 1V and so on, indicating more Na+ (more capacity) is 

extracted from HC+SEI to insert into NVPF. 

Supplementary Fig. S6.4 

 

The cyclic voltammetry experiments were carried out in three electrode cell as explained earlier.123 A beaker type 

cell was used with glassy carbon and platinum as working and counter electrode, respectively, with a non-aqueous 

Ag/Ag+ reference electrode (silver wire immersed in an acetonitrile/0.1 M tetrabutylammonium perchlorate/0.01 M 

AgNO3 solution). The electrolyte used is 1M NaPF6 in EC-PC-DMC (1: 1: 1 by volume). a) Five formation cycles at 55°C 

to form stable interphase on the glassy carbon surface (SEI) and (b) subsequent CV with increasing upper cut-off 
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voltage from 1.30V to 3.77V vs. Na/Na+ with 0.5V incremental step to analyze the oxidative stability of formed 

interphase. The oxidation current onsets at around 2.5V vs. Na/Na+ indicating the formed SEI is not stable towards 

oxidation for the potential above 2.5V. 

Supplementary Fig. S6.5 

 

Impedance spectra taken at 2V and 4.3V of NVPF-HC cells with control electrolyte. The impedance taken at 2V shows 

one semi-circle and is considered as blocking condition without any significant faradic contributions. On the contrary, 

impedance taken at 4.3V shows two semi-circle with the low frequency semi-circle corresponding to the faradic 

charge transfer contribution.  

Supplementary Fig. S6.6 

 

Bode plot in terms of real or imaginary impedance as a function of frequency in logarithmic scale for 1st, 3rd and 5th 

0V hold. Corresponding Nyquist impedance plot are shown in Figure 3 of the main manuscript. Drop in the real and 
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imaginary impedance after the 0V hold (dissolution) and increase after the next cycle (regrowth) as compared to 

baseline impedance is evident from the bode plot.  

Supplementary Fig. S6.7 

 

XRD pattern taken in the air tight beryllium cell of the cycled electrodes of NVPF and HC. The ‘recovered’ represents 

the material cycled in NVPF-HC cell with repeated discharge to 0V and holding for 72h. The cells were cycled using 

1M NaPF6 in EC-PC-DMC electrolyte and cycled for more than 100 cycles. (a) XRD pattern of recovered NVPF matches 

with the Na2.1V2(PO4)2F3 (obtained from operando XRD). It is the consequence of the sodium inventory loss from the 

SEI formation and dissolution processes during the 0V. (b) XRD pattern of recovered HC and pristine HC are closely 

similar. There is no significant difference observed with XRD of the material for both NVPF and HC.   
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Supplementary Fig. S6.8 

 

SEM images comparing the fresh and cycled electrodes of NVPF and HC. The ‘pristine’ represents the as coated 

electrode film and the ‘recovered’ represents the material cycled in NVPF-HC cell with repeated discharge to 0V and 

holding for 72h. The cells were cycled using 1M NaPF6 in EC-PC-DMC electrolyte and cycled for more than 100 cycles. 

There is no visible appearance of the particle breaking in the cycled electrodes of both HC and NVPF. 

Supplementary Fig. S6.9 

 

XPS analyses of the NVPF electrodes recovered at different states of NVPF-HC cell cycling as per the points mentioned 

in Figure 4(a) cycled with control electrolyte. The C1s, F1s and P2p for all the electrodes are cumulated below. The 
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NaF peaks in the F 1s of pristine NVPF correspond to the residual impurity in the NVPF during the synthesis. Since 

the formation step, a thin deposited surface is created containing organic (CO, OCO) and inorganic (NaPOyFx) species. 

The evolution during the following steps of cycling is very weak indicating significantly less/no change in the CEI. 

Supplementary Fig. S6.10 

 

(a) Capacity retention plot for cylindrical 18650 NVPF-HC cell with control electrolyte used for the optical sensing 

experiment presented in Figure 6 of the main manuscript. (b) Corresponding dQ/dV vs. V of the 1st and 21st cycle 

shows the peak shifted to right as a result of polarization but absence of any sodium plating.  
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Supplementary Fig. S6.11 

 

Heat derivative of the charge cycles after 2nd, 3rd and 4th 0V hold process. The heat evolution after each 0V hold 

(charge 1) indicates the SEI reformation and the process is exothermic. In the charge 3 after each 0V hold, the heat 

evolution is reduced indicating the stabilization of interphases.  
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Supplementary Fig. S6.12 

 

 

 

Capacity retention plots of NVPF-HC cells cycled using electrolyte formulations that contain different solvent(s) as 

mentioned in the figure. EC: Ethylene carbonate, PC: propylene carbonate, DEC: Diethyl carbonate, DMC: Dimethyl 

carbonate, EMC: Ethyl methyl carbonate. Additives namely NaODFB, VC, SN and TMSPi are used in only one set of 

experiments (mentioned EC-PC-DMC+ additives). The cells were cycled between 2- 4.25 V at C/5 rate and only for 

0V hold cycles, the cells were pushed to 0V. The data is used to derive the information in Fig. 6.9 of the Chapter 6.  
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Supplementary Fig. S6.13 

 

(a) Cycling profile of NVPF-HC coin cell cycled with electrolytes containing additives (0.5% NaODFB+ 3% VC+ 3% SN+ 

0.2% TMSPi) with repeated 0V hold (24h) for each 5 cycles. The cell polarization increases that leads to sodium 

plating which is visible as sharp peak around ~4.22V in the derivative plot (b). The corresponding capacity retention 

data is used in Figure 7c of the main manuscript. 

Supplementary Fig. S6.14 

 

 (a) Capacity retention plot for cylindrical 18650 NVPF-HC cell with electrolytes containing additives (0.5% NaODFB+ 

3% VC+ 3% SN+ 0.2% TMSPi) with repeated 0V hold (24h) every 3 cycles. (b) Corresponding dQ/dV vs. V of the 1st 

and 21st cycle indicates that the sodium plating at the negative electrode due to repetitive holds at 0V.   
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Supplementary Fig. S6.15 

 

Galvanostatic charge- discharge cycles of O3 type NaNi0.45Zn0.05Mn0.35Ti0.15O2 (ZNMT) in (top) Na-metal half-cell and 

(bottom) Na-ion full cell configuration using hard carbon as counter electrode. The cells were cycled at C/10 rate 

(1C= ~240 mAh/g) at room temperature. The different redox plateau and sloppy potential regions observed with this 

sodium layered oxide is due to the phase transitions in the material. The lowest redox of this layered oxide happens 

around 2.7V and it can be modified by changing the transition metal(s) stoichiometry. 
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Supplementary Table S6. 

 

 

Quantification of SEI components obtained from XPS analyses. The C1s data is used for quantifying the organic 

components where the all species except the active material is used for calculation. P2p and F1s spectra are used 

for inorganic components quantifications. All values were normalized by normalizing the HC spectrum intensity as 

10. 

 

 

 

 

 Electrode material Organic SEI Inorganic SEI 

HC-Prist 10   

HC-1 10 12.3(9) 37.4(6) 

HC-2 10 8.1(7) 26.5(8) 

HC-3 10 20.9(6) 46.8(8) 
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Achieving Na-ion Battery Advancements Through Decoding Degradation Pathways and Electrolyte 
Engineering  
Abstract: The growing dependence on lithium-ion batteries for energy storage necessitates the exploration of 
alternative chemistries due to the limited and geopolitically sensitive lithium resources. The sodium-ion 
battery, considered a sustainable complement with abundant sodium precursors, is swiftly progressing 
towards commercialization. Following a comparative analysis of critical parameters, the 
Na3V2(PO4)2F3(NVPF)|hard carbon(HC) chemistry was selected for NVPF material's structural durability, robust 
power performance, and air/water stability. This thesis comprehensively navigates this technology by 
investigating degradation mechanisms, improving performance in lab-scale coin cells, and seamlessly 
transferring findings to commercial 18650 cells. At first, NVPF material instabilities were examined, with 
elevated temperatures causing vanadium dissolution, leading to NVPF electrode degradation, electrolyte 
instability, and finally, contamination of HC electrode. Imide co -salts and uniform carbon coating mitigate 
vanadium dissolution yet fail to suppress undesired electrolyte reactions. Hence, meticulously designed Gen -
3 electrolytes with additives enhance cells' cycle and calendar life at elevated temperatures without excessive 
gassing. A low-viscosity methyl acetate cosolvent was infused in the electrolyte to enhance power and low -
temperature performance further. The optimized electrolyte demonstrates remarkable cycle life, rate 
performance, extensive temperature tolerance, and safety, making it suitable for evaluation in commercial 
scenarios. The thesis concludes with assessing the 0V stability of sodium-ion batteries, comprehending SEI 
decomposition mechanisms, and proposing remedies. Lastly, future directions are outlined to propel Na -ion 
battery development and challenge LiFePO4-based Li-ion technology. 
 
Keywords: Sodium-ion batteries, Solid electrolyte interphase, High temperature stability, Vanadium dissolution, 

Electrolyte design, Gassing, Optical sensing, Low viscosity cosolvent, Fast charging, Zero volt stability 

 

Réalisation des avancées des batteries Na-ion à travers le décodage des voies de dégradation et 

l'ingénierie des électrolytes. 

Résumé: La dépendance croissante à l’égard des batteries lithium-ion pour le stockage de l’énergie nécessite 

l’exploration de produits chimiques alternatifs en raison des ressources limitées et géopolitiquement sensibles en 
lithium. La batterie sodium-ion, est considérée comme une alternative prometteuse, avec d’abondants précurseurs 
de sodium. Après une analyse comparative des paramètres critiques, la chimie Na3V2(PO4)2F3(NVPF)|hard 
carbon(HC) a été sélectionnée pour cette etude, de par la durabilité structurelle du matériau NVPF, ses 
performances énergétiques robustes et sa stabilité air/eau. Cette thèse explore de manière exhaustive cette 
technologie en étudiant les mécanismes de dégradation, en améliorant les performances des piles boutons à 
l'échelle du laboratoire et en transférant les résultats aux cellules 18650 commerciales. Dans un premier temps, les 
instabilités des matériaux NVPF ont été examinées, avec des températures élevées provoquant la dissolution du 
vanadium, conduisant à une dégradation de l'électrode NVPF, à une instabilité de l'électrolyte et enfin à une 
contamination de l'électrode HC. Les co-sels d'imide et le revêtement de carbone uniforme atténuent la dissolution 
du vanadium mais ne parviennent pas à supprimer les réactions électrolytiques indésirables. Par conséquent, les 
électrolytes Gen-3 méticuleusement conçus avec des additifs améliorent le cycle et la durée de vie des cellules à des 
températures élevées sans dégagement gazeux excessif. Un cosolvant d'acétate de méthyle à faible viscosité a été 
infusé dans l'électrolyte pour améliorer encore plus la puissance et les performances à basse température. 
L'électrolyte optimisé présente une durée de vie, des performances en Crate, une tolérance de température étendue 
et une sécurité remarquables, ce qui le rend adapté à une possible commercialisation. La thèse se termine par 
l'évaluation de la stabilité à 0 V des batteries sodium-ion, la compréhension des mécanismes de décomposition du 
SEI et la proposition de solution pour y pallier. Enfin, des orientations futures sont décrites pour propulser le 
développement des batteries Na-ion et remettre en question la technologie Li-ion basée sur LiFePO4. 
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