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Lay Abstract 

The increasing maturity of lithium battery technology has also promoted the 

advancement of the electric vehicle manufacturing industry. As an excellent new energy material, 

the application and development of lithium batteries will be the main trend in the future. 

However, while improving battery capacity and energy density, lithium batteries also face many 

challenges. 

The entire thesis work discusses how electrolyte degradation at high temperatures and 

high voltages accelerates the dissolution of transition metal manganese ions in NMC materials. 

The dissolution of manganese ions into the electrolyte creates a competitive effect with lithium 

ions, thereby reducing the performance of lithium batteries. Here, NMR technology was used to 

measure the negative effect of manganese ions on the self-diffusion coefficient of lithium ions in 

the electrolyte. Additionally, a set of operando experiments conducted at different discharge 

rates demonstrated the changes in mossy lithium and the solid electrolyte interface during the 

charge and discharge phases caused by pulse discharge. This also proved that such experimental 

designs can track the impact of manganese ions on the solid electrolyte interface and test the 

dissolution behavior and impact of manganese ions under different charge and discharge rates. 
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Abstract 

Nickel-manganese-cobalt oxide (NMC) cathode materials have been applied in most Li-

ion batteries, but there are nevertheless some concerns regarding the stability of this material. 

High voltage and high temperature during charging have been shown to accelerate the 

dissolution of NMC due to the release of more acidic components because of rapid electrolyte 

decomposition. Mn-contaminants (Mn2+) are hypothesized to diminish the diffusion coefficient 

of Li+ in the electrolyte attributed to the competitive interaction between Mn2+ ions and Li+ ions. 

With characterizations including 7Li and 1H pulsed field-gradient nuclear magnetic resonance 

(PFG-NMR) spectroscopy, we demonstrated the Mn (II)-contaminants effect on diffusion 

coefficient on Li+ dynamics. Under the influence of deliberate manganese salt-additive to the 

electrolyte, the coin cell shows a capacity fading and unstable charging behavior. The PFG-NMR 

measurements also validated our hypotheses, as the results showing that Mn-containment 

causes decrease ~15% in the diffusion coefficient on Li-self diffusion. The activation energy for 

lithium-ion transport over the temperature range of (273 K - 303 K), was not changed by the 

presence of the Mn-contaminant electrolyte, which indicates the Mn (II) does not affect the Li-

ion transport mechanism. The relative test also includes comparisons with other contamination, 

such as iron contamination from stain-less steels spacers and copper contamination from the 

current collector. Additionally, the lithium self-diffusion coefficient was tested before and after 

charging using a full battery configuration. In electrolytes containing manganese contaminants, 

a more significant decrease in the diffusion coefficient was observed after charging. Ideally, 

operando experiments can be used to observe the impact of manganese ions on the SEI. By 

combining both types of experiments, a closer approximation to the actual application conditions 

of market-used batteries can be achieved.  
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Chapter1 

Introduction 

1.1 Background & Motivation 

Since their development, lithium batteries have seen continuous advancements and 

breakthroughs in both materials and applications. The high energy density and stability of lithium 

batteries have made them integral to various aspects of daily life, including electric vehicles (EVs), 

mobile phones, and electronic devices. Although the production of EVs1,2, particularly the 

batteries, can consume a significant amount of energy and result in higher initial emissions, 

studies show that over the entire lifecycle of the vehicle, electric vehicles generally produce fewer 

total emissions compared to conventional vehicles. Data released by various countries indicate a 

noticeable decrease in greenhouse gas emissions since 2020, underscoring the environmental 

benefits of transitioning to electric mobility3,4. 

In addition, the advancement of lithium battery technology has also driven the 

development of energy storage systems for renewable energy. For example, solar and wind 

power generation is intermittent and unstable, but lithium batteries can effectively store excess 

electricity and provide a stable power supply during peak demand periods. This not only improves 

energy utilization efficiency but also reduces dependence on fossil fuels, further lowering carbon 

emissions. 

Lithium batteries are secondary batteries that rely on the movement of Li+ ions between 

the positive and negative electrodes to complete the charge and discharge process. Lithium 

batteries exhibit excellent performance. Common types of secondary batteries include lithium 

batteries, lead-acid batteries, nickel-cadmium batteries, and nickel-metal hydride batteries. 

Compared to other secondary batteries, lithium batteries have a higher energy density and 

longer cycle life. The energy density can reach 100-200 Wh/kg, and the cycle life exceeds 1000 
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cycles, far surpassing other secondary batteries. Additionally, lithium batteries offer advantages 

such as fast charging, high-power discharge, and good environmental performance. 

Moreover, with the advancement of technology, the recycling and reuse of lithium 

batteries are constantly improving, reducing the potential environmental hazards of lithium 

batteries. By cycling valuable metals such as lithium, cobalt, and nickel, not only does this 

contribute to the sustainable use of resources, but it also lowers the production cost of batteries 

and the demand for raw materials. 

With the maturation of lithium battery technology, various advanced experimental 

instruments are being used to characterize lithium battery materials. Nuclear Magnetic 

Resonance (NMR) spectroscopy, X-ray spectroscopy, and X-ray diffraction (XRD) are widely 

employed to observe the chemical changes in lithium batteries. Among them, NMR is a 

particularly powerful experimental method. It can be used to observe both liquid-electrolyte 

batteries and the developing all-solid-state batteries through different NMR experiments. 

Additionally, advanced NMR experiments can also image the internal environment of the battery. 

However, there are still many inherent issues with lithium batteries that need to be 

addressed. For example, controlling the degradation of electrolytes and the growth of various 

solid electrolyte interphases (SEI) layers5,6 are ongoing challenges. These issues can affect the 

battery's performance, longevity, and safety7,8.  

1.2 Li-Ion Batteries  

Lithium-ion batteries are composed of several key components: two electrodes (cathode, 

or positive electrode, and anode, or negative electrode), electrolyte, and separator. Common 

cathode materials include NMC (Nickel Manganese Cobalt), LFP (Lithium Iron Phosphate), and 

LMO (Lithium Manganese Oxide)9. The typical anode material is graphite, while lithium metal is 

used as anode in half-cell setups. The separator is typically made of polyolefin microporous 

membranes such as PE (Polyethylene), PP (Polypropylene), or their composite membranes. 

Electrolytes are classified into two types: solid-state and liquid. Solid-state electrolytes are 
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usually polymers or fully solid oxides or sulfides. Liquid electrolytes often use a mixed solvent 

system with LiPF6 in ethylene carbonate, propylene carbonate, and low-viscosity dimethyl 

carbonate. 

Different cathode materials offer varying energy densities, stabilities, and lifespans, but 

the fundamental operation of a lithium battery remains the redox (reduction-oxidation) reactions 

of lithium ions. When the battery charges, lithium ions are released from the cathode and move 

through the electrolyte to the anode. The anode, typically made of graphite with a layered 

structure, contains many micropores where provide space for lithium ions to embed 

(intercalation process). The more lithium ions embedded, the higher the charging capacity. 

Conversely, during discharge (when the battery is in use), the embedded lithium ions leave the 

graphite and return to the cathode. The more lithium ions that return to the cathode, the higher 

the discharge capacity. To illustrate, in electric vehicles, lithium batteries discharge to convert 

electrical energy into mechanical energy to power the vehicle (lithium ions move from the anode 

to the cathode), and charging returns the lithium ions to their original state at the cathode10,11. 

Table 1 shows that manganese-rich cathode materials (NMC LMO) have significant advantages in 

cost and application. Additionally, compared to other transition metals, manganese ions are 

relatively cheaper12. 

Cathode Material Energy 
Density 
(Wh/kg) 

Cycle 
Life 

(cycles) 

Thermal 
Stability 

Cost Common 
Applications 

Lithium Cobalt Oxide 
(LCO) 

150-200 500-
1000 

Moderate High Mobile phones, 
laptops 

Lithium Manganese 
Oxide (LMO) 

100-150 300-700 High Moderate Power tools, 
medical devices 

Lithium Iron 
Phosphate (LFP) 

90-120 1000-
2000 

Very High Low Electric buses, 
grid storage 

Lithium Nickel 
Manganese Cobalt 

Oxide (NMC) 

150-220 1000-
2000 

Moderate 
to High 

Moderate Electric vehicles, 
energy storage 

Lithium Nickel 
Cobalt Aluminum 

Oxide (NCA) 

200-250 500-
1000 

Moderate High Electric vehicles 
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Table 1. Performance Comparison of Popular Cathode Materials on the Market 

Charging Process: 

• Cathode Reaction (Oxidation Reaction): 

 𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− (1.1) 

 

• Anode Reaction (Reduction Reaction):  

  𝑥𝐿𝑖+ + 𝑥𝑒−  + 𝐶 → 𝐿𝑖𝑥𝐶 (1.2) 

 

Discharging Process: 

• Cathode Reaction (Reduction Reaction):  

 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝐶𝑜𝑂2 (1.3) 

 

• Anode Reaction (Oxidation Reaction):  

 𝐿𝑖𝑥𝐶 → 𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− (1.4) 
   

 

Battery health has become a significant concern as lithium batteries are widely used in 

electronic products. Common issues with lithium batteries include poor stability, flammability, 

risk of explosion, excessive growth of lithium dendrites leading to short circuits, electrolyte 

degradation, and the growth of solid electrolyte interphases, which affect battery life. The first 

two problems are more understandable and are common with liquid electrolytes. 

Figure 1 Components of Rechargeable Li-ion Batteries. Reprinted with permission from Reverse 

Engineering, 2018, 204. Copyright © March 2018, Nature Electronics 
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Lithium dendrites13 are irregular lithium deposits. During charging, lithium ions deposit 

unevenly on the anode surface, forming irregular metal lithium dendrites. Under certain kinetic 

conditions, the tip of the dendrite grows faster than its radial expansion, resulting in a one-

dimensional fibrous structure. Dendrites can appear as needle-like, mossy, or tree-like structures. 

Their growth can have various impacts on the battery, most notably piercing the separator and 

causing short circuits, or less noticeably, forming dead lithium deposits that reduce battery 

efficiency. 
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Electrolyte degradation refers to the decomposition of traditional electrolytes when the 

operating voltage exceeds 4.5V14. This occurs because commonly used organic carbonate 

solvents, such as linear carbonates—DMC (Dimethyl Carbonate), EMC (Ethyl Methyl Carbonate), 

DEC (Diethyl Carbonate)—and another cyclic carbonate, EC (Ethylene Carbonate), are not stable 

at high voltages. Their low oxidation potentials cause them to oxidize and decompose under high 

voltage, which reduces the performance of lithium-ion batteries and generates hydrofluoric acid, 

impacting the battery's lifespan. 

The solid electrolyte interphase forms when lithium-ion batteries are charged and 

discharged for the first time15. During this process, a small amount of polar aprotic solvents in 

the electrolyte undergoes a reduction reaction after gaining some electrons, combining with 

lithium ions to form an interfacial film about 100-120 nm thick. This film is known as the SEI. The 

SEI typically forms at the solid-liquid interface between the electrode material and the electrolyte. 

Therefore, two types of solid electrolyte interphases are formed: one on the cathode surface 

during discharge (CEI)16, and another on the anode surface during low-voltage charging (SEI)16. 

As the SEI thickness increases to the point where it becomes dense enough that neither electrons 

nor ions can easily penetrate, a passivation layer forms, inhibiting further redox reactions15. The 

composition of the SEI varies depending on the electrolyte composition but generally includes 

Li2O, LiF, LiCl, Li2CO3, LiCO2-R, alkoxides, and non-conductive polymers. The formation of the SEI 

during the initial charge-discharge cycle consumes some lithium ions, resulting in an increase in 

the battery's irreversible capacity and a decrease in the charging and discharging efficiency of the 

electrode material. This explains the detrimental effects of the SEI, as it consumes lithium ions 

that would otherwise contribute to the battery's capacity. 

Figure 2 In lithium-ion batteries, the breathing behavior of the solid electrolyte interphase (SEI) 

occurs during the charge and discharge processes studied by using X-Ray Photoelectron 

Spectroscopy. The voltage is represented on the y-axis, while time is represented on the x-axis. 

The battery configuration is a half cell with Lithium metal vs. LiCoO2 . Reprinted with permission 

from Energy Storage Materials, 2018, Vol 14, 1-7. Copyright © 2018, Elsevier 
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1.3 Manganese-dissolution & competing behavior 

In recent years, lithium-ion batteries have been undergoing various breakthroughs and 

innovations in different directions, addressing issues such as limited range, long charging times, 

safety concerns, and high battery costs. As of 2022, the global sales penetration rate of electric 

vehicles has increased from 1% in 2018 to 14%17,18. The innovation in lithium-ion batteries is 

undoubtedly a powerful support for this trend of automotive electrification. However, to further 

promote electric vehicles on a large scale, the cost of battery assembly must fall below $100/KWh 

to approach the cost parity with internal combustion engines while still offering a certain level of 

fast-charging capability1,2. The best way to increase battery density19 at similar costs20 is to 

enhance the energy storage capacity of the battery. The most straightforward method is to 

change the chemical composition of the cathode material. Currently, there are two mainstream 

and mature types on the market: ternary lithium-based materials and lithium iron phosphate-

based materials21. In this experiment, ternary lithium-based materials are the main focuses. This 

type of cathode material includes two types: NMC and NCA22. An interesting point is that by 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

8 
 

sacrificing cobalt content to increase nickel content in the NMC battery material, the average 

energy density of the battery can be increased from 150Wh/kg (NMC111) to 210Wh/kg 

(NMC811). However, the cobalt content directly affects the thermal stability of the battery 

material, and from a raw material perspective, the cost of manganese is much lower than the 

cost of nickel. Therefore, in this context, NMC111 (LiNixMnyCozO2 with x=y=z=0.33) can be 

considered the most stable and market-demanding cathode material. 

NMC exhibits excellent performance in terms of capacity, stability, and safety. Due to the 

extensive use of NMC cathodes in the last two decades23,24, many previously unconsidered issues 

have emerged. However, with continuous cycling and aging of the battery, electrolyte 

degradation is inevitable. The hydrofluoric acid produced by electrolyte degradation25 facilitates 

the dissolution of transition metals26,27 in the anode. Consequently, manganese and nickel ions 

become contaminants in the electrolyte. Nickel ions tend to deposit on the electrode surface 

through parasitic reactions, while most manganese ions dissolve into the electrolyte. The amount 

of Manganese ion affects the capacity of NMC materials, and the lower cost and lower toxicity of 

manganese ions compared to the other two transition metals make it more favored. Therefore, 

the dissolution of manganese ions becomes an unavoidable contamination during battery cycling. 

To visualize the impact of manganese ions on the electrolyte, Wang's work28 mentions 

directly adding divalent manganese contaminants (MnTFSI2) into a common LiPF6 electrolyte. 

Over the same period, the container with manganese contaminants exhibited a significant color 

change. The same paper also used Density Functional Theory (DFT) calculations and Electrospray 

Ionization (ESI-MS) to calculate and simulate the Mn2+ solvation structure in a carbonate-based 

electrolyte under manganese-contaminated conditions. Thus, in terms of electrolyte, the 

presence of manganese ions results in a competitive effect between manganese and lithium ions. 

Since the working principle of lithium batteries relies on the conduction of lithium ions at 

different sites in the electrolyte. Therefore, the involvement of manganese ions leads to a 

competitive relationship with lithium ions, resulting in a decrease in the self-diffusion coefficient 

of lithium ions, thereby reducing the battery conductivity (increasing internal impedance) and 

decreasing battery capacity. 
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Figure 3 The typical first solvation sheath structures of Mn2+ that exist in liquid solutions can be 

detected by Electrospray Ionization Mass Spectrometry in gaseous state after partial 

desolvation of the cations. Reprinted with permission from Nature Communications, 2019, 3423, 

10(1). Copyright © 2019, Nature Communications 

 

Transition metals like manganese (Mn), nickel (Ni), and cobalt (Co) play crucial roles in the 

performance and stability of lithium-ion batteries. These metals, often used in cathode materials 

such as NMC, can significantly influence both the electrochemical properties and the NMR 

parameters of the batteries. Transition metals can dissolve from the cathode during cycling, 

leading to capacity fade. To be more specific on the mechanism of transition metal dissolutions, 

Mn29 can dissolve from LiMn2O4, especially at high voltages and in the presence of HF, which is 

formed from electrolyte decomposition. This dissolution results in the loss of active material from 

the cathode and deposition on the anode, causing impedance growth and capacity reduction. 

The presence of transition metals, particularly in their ionic forms like Mn2+, Ni2+, and Co2+, may 

accelerate the decomposition of the electrolyte30,31. This process often involves the interaction 

of these metal ions with the electrolyte solvents, leading to the formation of unwanted side 

products that further degrade the electrolyte and electrode interfaces. Transition metals in 

different oxidation states participate in redox reactions during battery operation. For instance, 

Mn can exist in multiple oxidation states (Mn2+, Mn3+, Mn4+), affecting the overall electrochemical 

performance and stability of the battery. These redox reactions are integral to the charge and 

discharge processes of the battery but can also lead to structural instability and capacity fading 

over time.  
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NMR spectroscopy and diffusometry are important tools that have been used in 

characterization of lithium ion battery performance by many groups32–36. In this thesis, we will 

utilize 7Li spectroscopy, relaxometry and diffusometry to characterize the impact of 

paramagnetic ions on lithium ion diffusion in the electrolyte and to monitor the changes in mossy 

lithium and the solid-electrolyte interphase (SEI+CEI) during operando experiments, both using 

manganese-rich cathode materials. Study37 show that the higher the concentration of dissolved 

transition metals, the greater the changes in relaxation times38 (see Chapter 2) in liquid samples. 

Initially, to simulate two stages during actual battery usage, two different concentrations of 

manganese ions were added to commonly used electrolytes: 1% manganese ion contaminants 

(first stage of manganese ion dissolution) and 5% manganese ion contaminants (later stage of 

manganese ion dissolution). These concentrations were chosen based on two papers by Clare 

Grey, which observed significant relaxation time changes starting with the low concentration 

group, and the high concentration group is assumed to reflect the level of contamination that an 

actual battery would experience after 500 cycles. The introduction of manganese ions is thought 

to decrease the self-diffusivity rate of lithium ions in the electrolyte, based on molecular 

dynamics simulations28 and it is hypothesized that this reduction increases with higher 

manganese ion concentrations. Additionally, temperature variation experiments can measure 

the activation energy of lithium ion mobility in manganese-containing electrolytes. This can help 

determine if the introduction of manganese ions alters the dynamic mechanisms of lithium ions 

in the electrolyte. 

Manganese ion contaminants dissolving into the electrolyte can trigger competitive 

effects. In the entire battery structure, other transition metals such as copper and iron 

(originating respectively from the current collector and the stainless-steel coin cell casing and 

spacer) may also impact the lithium self-diffusion coefficient. Currently, no other literature that 

mention the effects of these two transition metals dissolving into the electrolyte.  
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1.4 Application of different discharge methods 

Fast charging has become a significant challenge in testing battery performance39. Due to 

the demand for faster energy replenishment in various applications (from consumer electronics 

to electric vehicles), achieving fast charging at different rates has become a critical research topic. 

However, the impact of discharging at different rates on battery performance is equally 

important but has not been sufficiently understood. 

Pulse discharging40 is an alternative method to regular discharging, and tests have shown 

that it can extend battery life and improve durability. This technique involves discharging the 

battery at short intervals instead of continuously, which may help reduce some of the stress on 

the battery components. However, it remains unclear which specific battery components are 

affected by discharging at different rates. Common fast charging (high charging rates) can quickly 

reach the required capacity, but it also exacerbates the accelerated growth of the SEI mentioned 

earlier and increases the number of non-reducible lithium ions (dead lithium) in the battery. Both 

factors, from an electrochemical performance perspective, can reduce the battery's lifespan and 

effective capacity. Therefore, changing the discharge rate during the discharge phase is also likely 

to affect these two aspects. Pulse discharging has rarely been tested in liquid-electrolyte cell 

structures to track changes in each component. It is hypothesized here that high current 

discharging may accelerate the formation and decomposition of the SEI, leading to uneven or 

more fragile SEI formation, and may trigger side reactions involving the decomposition of the 

electrolyte, causing changes in the composition accumulating on the SEI layer. For lithium metal, 

high current may lead to the formation of lithium dendrites, and the surface of the lithium metal 

will produce mossy lithium products of varying thickness. These behaviors may exhibit uniform 

breathing behavior with traditional charging and discharging methods: the SEI thickens with 

charging and is reduced with discharging, while mossy lithium increases with charging and is 

partially reduced with discharging39. Therefore, to track these potentially changing quantities, it 

is necessary to collect NMR data while gathering charging and discharging performance data. 
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1.5 Thesis outline 

Based on the previous content, the impact of manganese ions on the electrochemical 

performance of batteries has been extensively studied. However, there have been no tests on 

the changes in self-diffusion coefficients due to competitive effects. PFG-NMR is well-suited for 

testing the diffusion coefficients of electrolytes containing manganese ions at different 

temperatures, and experimental data collected can be used to calculate the activation energy for 

lithium ion diffusion in the electrolyte. Additionally, the pencil cell design allows for testing the 

effects of manganese ions on batteries. On the other hand, the operando experimental setup can 

help observe morphological changes in the battery. This includes a set of experiments comparing 

pulse discharge with constant current discharge. The combination of half-cells used in operando 

experiments has been widely studied, but further experiments are needed to understand the 

influence of manganese ions with paramagnetic effects on operando experimental data. 

Chapter 2 summarizes some basic NMR theories and provides a brief introduction to the 

subsequent NMR experiments. 

Chapter 3 mainly explains the effects of manganese ions on the electrolyte and discusses 

the changes in electrolytes containing manganese ions before and after charging and discharging 

in actual batteries. It also presents electrochemical experimental results to demonstrate the 

impact of manganese ion intervention on battery capacity. 

Chapter 4 briefly describes the changes in lithium metal and electrolyte under pulse 

discharge and constant current charging and discharging in operando experiments using cartridge 

cells. It also discusses the formation of mossy lithium, SEI, and CEI during the charging and 

discharging process. 

Chapter 5 provides a summary of the entire thesis and outlines the future plan. 
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Chapter2 

Nuclear Magnetic Resonance theory 

2.1 NMR fundamentals 

The entire thesis experiment revolves around the analysis of collected nuclear magnetic 

resonance (NMR) data. This thesis mainly covers 1D 1H, 7Li NMR, PFG-NMR, and 7Li Operando 

NMR, which is defined as the simultaneous collection of electrochemistry and NMR data. The 

characteristics and specific settings of these these experiments will be detailed in sections 2.2 

and 2.3. The basic principle of PFG-NMR (Pulsed Field Gradient NMR) is to use magnetic field 

gradients to encode the signals of nuclei in liquid samples. After self-diffusion, the changes in the 

encoded signals are collected. Operando-NMR is simpler to understand; it involves collecting 1D 

spectra while simultaneously charging and discharging the battery sample. These two types of 

experiments have been widely applied in various lithium battery tests. The former is highly 

effective for measuring lithium self-diffusion rates, while the latter has been combined with many 

different charge-discharge algorithms to test the performance of lithium batteries. 

Regarding nuclear magnetic resonance (NMR), the theory of NMR spectroscopy is based 

on the spin quantum number41,42. The spin quantum number (I) describes the intrinsic angular 

momentum of electrons, which is related to the atomic mass number (the number of protons 

and neutrons) and the atomic number (the number of protons). Elements with odd atomic 

numbers or odd mass numbers exhibit nuclear spin. For example, the H atom has an odd atomic 

mass and an odd atomic number. It has been calculated that its spin is equal to 1/2 and it will 

exhibit an NMR spectrum43. 

Every element has a charged nucleus, and when the spins of neutrons and protons in the 

nucleus are not paired, the net spin of the nucleus generates a magnetic dipole along the spin 

axis. The net magnitude of this dipole is called the nuclear magnetic moment. The internal 

structure of the molecule is determined by the symmetry and distribution of the magnetic dipoles. 

The principle behind NMR spectroscopy is based on the spin of atomic nuclei that can generate 
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a magnetic field. When there is no external magnetic field, the spins of the nuclei are randomly 

oriented; however, when an external magnetic field (B0) is applied to the sample, the spins in the 

nucleus align either with or against the direction of the applied magnetic field. The external 

magnetic field induces an energy difference (ΔE) between the excited state and the ground state. 

Energy transfer occurs at a wavelength equivalent to the radio frequency. When the spin returns 

to its initial ground state, it emits the absorbed radio frequency, and this emitted radio frequency 

provides the NMR signal of the corresponding nucleus. The emitted radio frequency is 

proportional to the strength of the applied magnetic field. This energy splitting induced by the 

external magnetic field is called Zeeman splitting44. In nuclear magnetic resonance, to maximize 

this energy level splitting, the external magnetic field strength is increased as much as possible 

to collect higher quality NMR spectra. This emitted radio frequency provides the NMR signal of 

the corresponding nucleus. The emitted radio frequency is proportional to the strength of the 

applied magnetic field. 

The angular momentum (or spin) and the magnetic moment 𝜇⃗are proportional, which is 

expressed by Eq. 2.2:  

 𝜇 = 𝛾𝐼 
(2.1) 

Where 𝛾  is the gyromagnetic ratio (the gyromagnetic ratio is the ratio of the nuclear 

magnetic moment to the angular momentum) and𝐼is the spin angular momentum. 

Additionally, the previously mentioned energy difference is the product of the magnetic 

moment 𝜇⃗  and the applied external field B0:  

 Δ𝐸 = −𝜇 ⋅ 𝐵0 (2.2) 
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𝜇 = 𝑔𝑛𝜇𝑛[𝐼(𝐼 + 1)]

1
2 

= 𝛾ℎ[𝐼(𝐼 + 1)]
1
2 

(2.3) 

 

 𝜇𝑧 = 𝑔𝑛𝜇𝑛𝑚𝐼 = 𝛾ℎ𝑚𝐼 (2.4) 

where magnetic moment can be separated out one component magnetic moment 𝜇  in 

the direction of z. This magnetic moment can be defined as the Equation 2.4 by suing the nuclear 

spin parameter. By combining equations 2.2 and 2.4, we can derive equation 2.5, which verifies 

the Zeeman splitting45,46 shown in the figure 4. Without the influence of an external magnetic 

field, the electrons are randomly distributed. However, when the magnetic field is applied, as 

shown in the figure 4 on the right, they split into two energy levels corresponding to parallel and 

antiparallel alignments. 

 𝐸 = −𝛾ℎ𝑚𝐼𝐵0 (2.5) 

   

   

 

Figure 4. Schematic diagram of Zeeman energy level splitting. The lower part shows the two 

states before and after the intervention of the external magnetic field. Before the intervention, 

the states are freely distributed, and after the intervention, they split into two energy levels in 

the positive and negative directions.  
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If the specific energy between the two levels can be determined, it is theoretically 

possible to apply appropriate electromagnetic radiation to activate the transition from the lower 

energy level to the higher energy level. At this point, the energy can be expressed as the product 

of Planck's constant and the radiation frequency, which can then be transformed into equation 

2.6. And it can be converted into the Larmor frequency in radians per second (equation 2.7). 

 

𝑣 =
(𝛾𝐵0)

2𝜋
 

        (2.6) 

 

 𝜔 = −𝛾𝐵0 (2.7) 

In nuclear magnetic resonance, a classical model of the motion of a magnetic moment in 

a uniform magnetic field is often used (under the condition of constant total energy). A torque is 

applied to the magnetic moment, attempting to align it parallel to the magnetic field. However, 
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this torque can only change the angular momentum perpendicular to the magnetic field 𝐵0, 

ultimately resulting in a circular motion around the axis of the magnetic field, forming a conical 

shape as shown in the figure 5. This motion is called precession, and this example of precession 

is widely known as Larmor precession. The angular velocity that induces this precession is the 

previously mentioned Larmor frequency. 

Figure 5. Schematic diagram of Larmor precession. The magnetic moment moves in a circular 

motion along the direction of the magnetic field, following the dotted line. 

 

 

 
𝑀 = ∑𝜇

 

 

= 𝛾𝐵 
(2.8) 

When mentioning precession, it is necessary to refer to 𝑀 , which is the total magnetic 

moment or magnetization. In the context of NMR experiments, the sample and magnetic 
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moment are influenced by the internal arrangement of individual nuclear spins. Therefore, a new 

quantity, 𝑀0, is introduced, representing the equilibrium value of the sample when placed in a 

magnetic field. Bloch later discovered that the decay from 𝑀 to 𝑀0  is exponential. During this 

decay, the components of 𝑀  parallel and perpendicular to 𝑀0  decay at different rates, 

characterized by the relaxation times 𝑇1 and 𝑇2 , respectively. The methods for measuring these 

two relaxation times will be explained later in the text. Before introducing these measurement 

methods, it is necessary to discuss the effect of a pulse of radiation on an NMR spectrometer. In 

pulse experiments, an oscillating radiofrequency (r.f.) magnetic field pulse is applied for a certain 

period and then turned off. The frequency of this r.f. pulse is set close to the resonance frequency 

of the target nuclei to produce a magnetic field similar to that received in the direction 

perpendicular to the magnetization. Intuitively, in the rotating reference frame, the nuclear 

magnetization will precess in a fixed direction under the influence of the pulse. During the time 

period 𝜏𝑝that the pulse is applied, it will precess through an angle 𝛾𝐵𝜏 . As shown in the figure 6, 

a 90-degree pulse will rotate 𝑀  by 90 degrees to lie on the 𝑦′-axis, while a 180-degree pulse will 

place it along the −𝑧 -axis. 

 𝑑𝑀𝑧

𝑑𝑡
= −

(𝑀𝑧 −𝑀0)

𝑇1
 

(2.9) 

 𝑑𝑀𝑥

𝑑𝑡
= −

𝑀𝑥

𝑇2
,  
𝑑𝑀𝑦

𝑑𝑡
= −

𝑀𝑦

𝑇2
 

(2.10) 

Figure 6. The left side shows the conversion of the magnetic moment from the Z-axis to the y'-axis 

under the influence of a 90-degree pulse. The right side shows the conversion of the magnetic 

moment from the Z-axis to the -Z-axis under the influence of a 180-degree pulse. Reprinted with 

permission from IOP Science, 2010, 43, 213001. Copyright © 2010, Journal of Physics D: Applied 

Physics 
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A pulse can be set in any direction without losing any magnetization magnitude. After the 

pulse, 𝑀  will slowly return to the Boltzmann equilibrium state. According to equations 2.9 and 

2.10, this can be expressed by the following formulas. 𝑇1  and 𝑇2  are the relaxation times 

mentioned earlier, representing the spin-lattice (180-degree pulse) and transverse (90-degree 

pulse) relaxation times, respectively. Because these relaxation processes are first-order kinetic 

motions, 𝑇1
−1and 𝑇2

−1 are the relaxation rate constants. 

 
𝑀𝑧(𝑡) − 𝑀0 = [𝑀𝑧(0) − 𝑀0] exp (

−𝑡

𝑇1
) 

(2.11) 

 
𝑀𝑦(𝑡) = 𝑀𝑦(0) exp (

−𝑡

𝑇2
) 

(2.12) 

Figure 7. The first step is the simulated behavior of the magnetic moment in the magnetic field, 

followed by the free induction decay (FID) signal collected after relaxation. Finally, the FID is 

transformed into the experimental spectrum collected in nuclear magnetic resonance (NMR) 

through Fourier transformation. 
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The decay that occurs during relaxation, observed as changes over the time axis, is 

recognized as free induction decay (FID). If all conditions are set properly, the information 

collected from the FID represents the signal throughout the entire relaxation process. However, 

to convert the FID into the commonly seen spectrum and to gather more useful information, a 

Fourier transform is required. In 196647, Ernst and Anderson achieved the Fourier transformation 

of the FID into a spectrum that represents the same information. Simply put, this transformation 

converts the time-domain FID into a frequency-domain spectrum.  

Inversion Recovery is an experiment for measuring the 𝑇1 relaxation time. A 180-degree 

pulse can activate spin-lattice relaxation, but since there is no magnetization along the y-axis, no 

signal can be collected. Therefore, an additional 90-degree pulse, often called the read pulse, is 

applied to monitor the decay caused by relaxation.  

The experiment is called inversion-recovery48,49 because it starts with a 180-degree pulse 

to invert the magnetization and then waits for it to recover on its own. The pulse sequence is 

represented as [180° − 𝜏 − 90°(𝐹𝐼𝐷) − 𝑇𝑑]𝑛. Here, 𝑇𝑑 is the delay time, which needs to be set 
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longer than the expected 𝑇1  value to ensure that the Boltzmann population has started to 

reestablish before the next 180-degree pulse begins. 

Figure 8. Schematic diagram of the Inversion Recovery experiment. The pulse sequence starts with 

a 180-degree pulse for inversion, followed by a waiting period for recovery along the -Z axis, and 

then a 90-degree reading pulse to collect the signal. The lower part shows the fitted curve from 

the IR experiment. 
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After the first 90-degree pulse is applied, transverse relaxation begins. However, due to 

field inhomogeneities, different magnetization vectors will spread out in various directions 

following Larmor precession. Hahn first attempted this experimental design and successfully 

introduced a series of pulses, leading to the observation of a spin-echo phenomenon. As shown 

in the figure 9, the 90-degree pulse rotates the magnetization to the y-axis, where the signal 

decays irregularly. Then, a 180-degree pulse is applied to invert the magnetization, causing the 

vectors to move in the same direction again. By continuously applying 180-degree pulses, this 

sequence is known as the Carr-Purcell-Meiboom-Gill (CPMG) experiment50. Ultimately, the 

collected spin-echo signals can be used to calculate the relaxation time. 

90 − [𝜏 − 180° − 𝜏 − 𝑒𝑐ℎ𝑜]𝑛 

Figure 9. This is the pulse sequence of the CPMG experiment and the diffusion behavior of the 

signal in the horizontal direction. It starts with a 90-degree pulse that transfers the signal to the 

readable XY plane, followed by continuous 180-degree pulses to create spin-echo signals. The 

collected experimental data can be transformed into the exponential decay graph shown at 

bottom. 
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2.2 Pulsed-Field Gradient NMR 

PFG-NMR (Pulsed Field Gradient Nuclear Magnetic Resonance) is a widely applied 

technique35,51–53 that allows for the labeling of each signal in an experiment. 1H and 7Li PFG-NMR 

were both applied in this thesis. The former can effectively track the self-diffusion coefficients of 

carbonate-based solvents, while the latter can track the self-diffusion coefficients of lithium ions. 

The specific experimental details are as follows: By comparing the changes in signal intensity after 

a diffusion period, it calculates the nuclear self-diffusion rates. This technique was developed in 

the 1960s by Stejskal and Tanner54, using the same theoretical principles as MRI to encode signals 

with gradients36,55. The experiment can be most intuitively understood by looking at the 

sequence. The PFG-SE sequence begins with a 90-degree read pulse, followed by the application 

of the first gradient to encode the signals. At exactly 
∆

2
, a 180-degree pulse is applied to generate 

a spin-echo signal, reducing the inhomogeneity effects of the field on the signal. Finally, a second 

gradient pulse of the same strength is applied to decode the signals. 

Figure 10. The upper part of the figure shows the simplest SE sequence in PFG-NMR, which is a 

gradient experiment based on spin-echo. The signal distribution in the lower part can be 
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analyzed accordingly. The first gradient encodes each signal, and after the diffusion time ends, 

another gradient is applied to decode each signal and compare the collected signal intensity. 

 

 

Figure 11. The upper part of the figure shows the FID curves of 1M LiCl collected under 16 

different gradient strengths. Through Fourier transformation and fitting to the Stejskal-Tanner 

equation, the diffusion curve is obtained, as shown in the lower part. 
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𝑏 = −𝛾2𝛿2𝑔2 (∆ −
𝛿

3
) 

(2.13) 
 

 

𝑆

𝑆0
= exp [−𝛾2𝛿2𝑔2 (∆ −

𝛿

3
)𝐷] 

(2.14) 
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The figure 11 above shows the FID collected from the PFG-NMR experiment and its 

transformed schematic, based on the famous Stejskal-Tanner equation. As seen, this equation is 

derived from the signal decay due to diffusion, with the denominator representing the signal 

without the gradient applied, and 𝐷 representing the diffusion coefficient. Since the power also 

exhibits exponential decay 𝑏 , as shown in equation 2.13, and equation 2.14 displays the Stejskal-

Tanner equation. When the constants in the equation remain unchanged, it can be observed that 

the signal intensity decays in a Gaussian manner with increasing gradient strength 𝑔 . 

Designing a series of variable temperature experiments to measure PFG-NMR not only 

allows for observing the effect of temperature on the self-diffusion coefficient but also enables 

the calculation of the activation energy for diffusion motion56. After collecting diffusion 

coefficients at different temperatures, the Arrhenius equation can be used to calculate the 

slope57 between temperature and diffusion coefficient 𝐷 . 

𝐸𝑎: Activation energy 𝑅 : Universal gas constant, 𝑇 : Temperature and 𝑥 : corrected 

factor 

 
ln(𝐷) =

𝐸𝑎
𝑅

⋅ (
1

𝑇
) + 𝑥 

(2.15) 

  

Here, the definition of activation energy can be modeled using lithium batteries. If the 

lithium-ion diffusion coefficient affects the transportation mechanism of lithium ions in the 

battery, then changes in activation energy indicate changes in this transportation mechanism. 

As the performance requirements in the battery industry become increasingly stringent, 

the kinetics of lithium ions have become more worthy of study, leading to the growing popularity 

of PFG-NMR experiments. Both 7Li PFG-NMR and 1H PFG-NMR were applied in this experiment. 

The former can test the diffusion behavior of lithium ions in the electrolyte samples of the battery, 

helping us understand the migration rate and mechanism of lithium ions. The latter can study the 

diffusion coefficient of solvent molecules to analyze the dynamics of the solvent and the 

properties of the electrolyte. The practicality of 7Li PFG-NMR experiments is very high, as it can 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

31 
 

observe both solid and liquid samples. For liquid electrolyte samples, to ensure uniformity, they 

are placed in NMR tubes of fixed size. However, for the electrolyte in actual batteries, a pencil 

cell design is used (detailed in section 3.2). This design ensures the uniformity of the electrolyte 

within the battery and maintains good signal strength and stability in the magnet. Furthermore, 

the size of the pencil cell is designed to fit the inner coil precisely, allowing direct testing of the 

electrolyte without disassembling the battery. 

2.3 Operando NMR Experiment 

Operando NMR experiments involve placing a battery in a magnet for measurement while 

simultaneously connecting it to instruments that collect its electrochemical performance58. This 

technique has become increasingly widely used because it allows for the accurate detection of 

the chemical environment and performance of the battery at each stage of charge and discharge. 

The previously mentioned pencil cell and cartridge cell can be applied to operando experiments 

because they exhibit stable performance within the magnet. A representative experiment is 

Trease's work in 201259, where a bag cell design was used for NMR experiments and tested the 

effect of different orientations of the battery within the magnet on chemical shifts. It was 

observed that when the battery is positioned parallel to the magnetic field, a peak for lithium 

metal appears at 270 ppm, and the electrolyte peak appears at -1.5 ppm. This setup is also used 

in the 7Li operando experiments of this thesis. There are differences in the magnetic susceptibility 

of the materials inside the battery, which can lead to local magnetic field inhomogeneity within 

the battery. This effect is called the Bulk Magnetic Susceptibility effect. The orientation of the 

battery placement affects the distribution of the local magnetic field, resulting in different 

chemical shifts. 

Figure 12. This figure shows the chemical shift variations of the bag cell in the magnet according 

to the direction of the applied magnetic field. Vertically, when parallel to the magnetic field, the 

green peak at 0 degrees shows 270 ppm representing lithium metal and -1.5 ppm representing 

the electrolyte. The black peak indicates the horizontal direction, perpendicular to the magnetic 

field, showing a 90-degree angle with 240 ppm representing lithium metal, and split peaks at 
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2.5 ppm and -10 ppm coming from the electrolyte. Reprinted with permission from Solid State 

Nuclear Magnetic Resonance, 2012, 42, 62-70.  Copyright © 2019, Elsevier 

 

In this thesis, we utilized the cartridge cell design developed by our group (see Section 4.2 

for details). This cell is placed between a set of parallel-plate resonators and then positioned 

vertically within the magnet. The cell casing is made of polyetheretherketone material, which 

ensures the cell's seal integrity while also providing good signal strength in NMR data. The 

operando experiments align well with the testing requirements mentioned earlier (Section 1.4), 

allowing for the simultaneous collection of cycling data and monitoring of SEI/CEI and mossy 

lithium. These quantities need to be distinguished by fitting the signals in the operando 

experiment slices, as both form a small shoulder peak next to the main peak (see Section 4.3.1 
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for details). Although the changes in SEI and mossy lithium are minimal between cycles, the 

cartridge cell design can still capture these changes clearly. 
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Chapter 3 

NMR Study on the Impact of Transition Metal Dissolution on 

Electrolytes 

3.1 Introduction 

An unavoidable reality in lithium batteries is the degradation of the electrolyte, which 

produces hydrofluoric acid in the process. This acid is not only a harmful substance but also 

damages the electrolyte itself. Because NMC111 is composed of three different transition metals, 

it provides a good opportunity for hydrofluoric acid14,60 to act as a carrier for dissolving transition 

metals. The dissolution of manganese and nickel is relatively prominent and has already attracted 

some attention. Due to nickel's dissolution being more related to some parasitic reactions and 

its tendency to deposit on the solid electrolyte interphase layer61,62 in aging cells, the impact of 

manganese ions on the electrolyte is more noteworthy. 

In cathode materials, manganese ions primarily exist in the trivalent form because of their 

higher stability in the structure and their ability to form stable layered crystal structures. However, 

under high voltage conditions, the resulting high temperatures can induce the Jahn-Teller effect, 

causing the asymmetric distribution of electrons in the complex to change, thereby lowering the 

overall system's energy to reach a more stable state. This is manifested as the trivalent 

manganese ions spontaneously reducing from a high-spin d4 electronic configuration to a 

divalent manganese ion d5 configuration to avoid the Jahn-Teller effect caused by high 

temperatures. Additionally, trivalent manganese ions are very unstable in solution, and the 

interaction between solvent molecules in the electrolyte and divalent manganese ions is stronger, 

which further proves that divalent manganese ions are the most stable state in the electrolyte63,64. 

Secondly, there are chemical reactions between the electrolyte and the electrode material. Once 

Mn²⁺ dissolves into the electrolyte, it reacts with components in the electrolyte, such as 

carbonate-based organic solvent. Mn²⁺ can combine with anions in the electrolyte (e.g., PF₆⁻ or 
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TFSI⁻) to form stable solvation strucutre28,65. These complexes diffuse in the electrolyte, further 

affecting the chemical properties and stability of the electrolyte. Additionally, surface deposition 

and interfacial reactions occur as the dissolved Mn²⁺ ions deposit at the electrode surface and 

the electrolyte interface, forming an interfacial layer containing manganese compounds. This 

interfacial layer may consist of manganese oxides (such as MnO or Mn₂O₃) or fluorides (such as 

MnF₂). These deposits increase the interfacial resistance15,28,64 between the electrode and the 

electrolyte, reducing the electrochemical performance of the battery. During the cycling of the 

battery, the dissolved Mn²⁺ can continuously dissolve and redeposit on the electrode surface. 

This dissolution-redeposition cycle leads to the gradual depletion of the electrode material, 

reducing the battery's capacity and cycle life. 

In summary, the dissolution of manganese ions negatively impacts battery performance64 

and can be summarized into four concerns: 

1. Reduced Electrolyte Stability: The dissolution of manganese ions reacts with components 

in the electrolyte, leading to decreased chemical stability of the electrolyte. For example, 

Mn²⁺ can react with solvent molecules (such as ethylene carbonate, EC) and salts (such as 

LiPF₆) in the electrolyte, altering their structure and reaction energy, thereby accelerating 

the decomposition of the electrolyte. 

2. Increased Interfacial Impedance Due to Electrode Surface Deposition: Dissolved 

manganese ions deposit on the electrode surface, forming oxides or fluorides of 

manganese. These deposits increase the interfacial impedance between the electrode 

and the electrolyte, reducing the battery's conductivity and charge-discharge efficiency. 

3. Decreased Lithium-Ion Mobility: The presence of dissolved manganese ions in the 

electrolyte affects the mobility of lithium ions. Studies have shown that manganese ions 

can reduce the diffusion coefficient and transference number of lithium ions in the 

electrolyte, thereby affecting the overall performance and lifespan of the battery66. 

4. Capacity Fade: The dissolution of manganese ions leads to the loss of active material, 

causing battery capacity fading. This effect is particularly pronounced when the battery 
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operates at high voltages, as manganese ions in the electrode material are more prone to 

dissolution, significantly affecting the cycle life of the battery. 

From the perspective of nuclear magnetic resonance (NMR), the paramagnetic properties 

of manganese ions alter the chemical environment of the electrolyte. The presence of 

manganese ions causes chemical shift changes in the NMR spectra. Due to their paramagnetic 

nature, manganese ions (especially Mn²⁺) generate strong local magnetic fields, which affect the 

chemical shifts of nearby atoms. This effect is known as the paramagnetic chemical shift67. The 

chemical shifts caused by the paramagnetic nature of manganese ions are generally much larger 

than those of diamagnetic atoms of similar size. 

The paramagnetic nature of manganese ions also leads to broadening of NMR signals. The 

unpaired electrons interact with the nuclear spins, causing the NMR signal to broaden—a 

phenomenon known as paramagnetic broadening. The local magnetic fields generated by 

unpaired electrons make the NMR signals uneven, resulting in broadened signals in the spectra. 

Moreover, the presence of manganese ions significantly affects the relaxation times of other 

nuclei in the electrolyte. Paramagnetic ions accelerate the relaxation process of nuclear spins, 

leading to shortened T1 time68,69 (around This occurs because unpaired electrons can effectively 

transfer energy to the nuclear spins through dipole-dipole interactions70. 

The following experimental data validates the paramagnetic effects caused by manganese 

ions. Electrolytes containing manganese were observed to have broader peaks, and the lithium 

self-diffusion coefficient in the manganese-containing electrolyte was slower compared to the 

pure lithium electrolyte. However, the activation energy for lithium diffusion remained 

unchanged. 

3.2 Experimental 

A battery-grade electrolyte, consisting of 1M LiPF6 in a 1:1 weight ratio of EC/DMC, was 

obtained from Sigma-Aldrich. This electrolyte is stored within an argon-filled glovebox and 

utilized as the base (reference) electrolyte. Contaminants of various concentrations are 
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introduced into this base electrolyte: a high-concentration mixture including 0.05 M Mn(CF3O3S)2, 

0.05 M anhydrous CuCl2, 0.05 M anhydrous FeCl2, 0.1 M Li(TFSI), and 0.1 M anhydrous LiCl; and 

a low-concentration mixture featuring 0.01 M Mn(CF3O3S)2, 0.01 M anhydrous CuCl2, 0.01 M 

anhydrous FeCl2, 0.02 M Li(TFSI), and 0.02 M anhydrous LiCl. A 1 M LiCl solution is formulated to 

act as a reference standard for calibrating the 7Li NMR, and Sodium 

trimethylsilylpropanesulfonate (DSS) in Deuterium oxide is used for calibrating the chemical shift 

position in proton NMR. 

 

Sample Additive 

1M LiPF6 in EC/DMC (1:1 wt%) Reference electrolyte 

1M LiPF6 in EC/DMC (1:1 wt%) + Mn(CF3O3S)2 

1M LiPF6 in EC/DMC (1:1 wt%) + Li(TFSI) 

1M LiPF6 in EC/DMC (1:1 wt%) + anhydrous CuCl2 

1M LiPF6 in EC/DMC (1:1 wt%) + anhydrous FeCl2 

1M LiPF6 in EC/DMC (1:1 wt%) anhydrous LiCl  

Table 2. Electrolyte samples tested in the experiment. The green reference electrolyte is a 

commonly used electrolyte, and different colors represent different transition metal 

environments. Additionally, similar anion electrolytes are used as reference points for activation 

energy calculations, marked in blue. 
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The pencil cell is another design improved many times, and this cell geometry has been 

applied for some operando experiment 71. The entire battery is made of PEEK material, with two 

identical nodes at both ends. Any material current collector (such as copper, aluminum, and 

titanium) can be placed inside the nodes. Inside the battery, there is a pre-drilled cylindrical area. 

This area can be used to place an electrolyte, either solid or liquid. Due to the concentrated 

internal space and good contact with the electrodes after assembly, the battery size fits perfectly 

inside an NMR coil. This allows NMR experiments to better observe the chemical environment 

changes of the electrolyte inside the battery. During different charging and discharging stages, 

the Li concentration in the internal electrolyte varies to some extent. Based on the uniformity of 

the internal cylindrical area, NMR spectroscopy can divide the electrolyte into several equal 

regions under different gradient strengths, allowing observation of the chemical environment of 

Li ions in each region. 

Figure 13. Design and parameters of the pencil cell, with detailed assembly order as 

follows: the threaded position on the left corresponds to the first node in the lower diagram 

(aluminum current collector). In the upper diagram, the green and gray sections on the right 

sequentially represent the NMC811 electrode. The 2mm wide middle section contains the 

electrolyte (with two internal glass-fiber separators). The far right shows the graphite anode and 

copper current collector node. 
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The assembly of the pencil cell33,71 is shown in the figure 13 above, with 

LiNi₀.₈Mn₀.₁Co₀.₁O₂ (NMC811, 21.9 mg/cm², 4.0 mA h/cm²) as the cathode and graphite (13.61 

mg/cm², 4.5 mA h/cm²) as the anode. The electrolyte, as shown in the table above, consists of an 

electrolyte containing 0.01 M manganese ions and a reference electrolyte, which were 

respectively used in two pencil cells for a comparative experiment. The initial tests of the 

assembled cells were not ideal. Without any separator added to the electrolyte, the battery could 

not be successfully charged, and there was leakage of the electrolyte. After improvements and 

continuous testing, it was determined that the nodes at both ends of the battery needed to be 

pre-sealed with epoxy to prevent leakage. Additionally, during the assembly process, two pieces 

of glass fiber were added to the electrolyte to serve as separators, aiming to improve the contact 

between the electrodes and the electrolyte. 

After the assembly was completed in the glove box, the pencil cell was left stationary on 

the bench for 4 hours to check the battery's stability and sealing. The open-circuit voltage (OCV) 

was measured around 300 mV using a voltmeter. At this point, the entire battery was placed into 

the probe coil to measure the lithium self-diffusion coefficient of the electrolyte using NMR at 

room temperature before starting the charging process. To ensure the battery could survive 

through two charge-discharge cycles, a relatively safe rate (C/20), which is 0.03 mA, was used for 

charging and discharging the battery. There was a 12-hour resting period before starting the 

charging. The charging conditions were set as commonly used for batteries: 2.7 V as the lower 

cutoff voltage and 4.2 V as the upper cutoff voltage. After successfully completing two charge-

discharge cycles, the battery was collected, and the lithium self-diffusion coefficient of the 

electrolyte was measured again using NMR. 

The coin cell uses the same materials as the pencil cell, but with different electrolyte 

choices: 0.01 M manganese ion, 0.05 M manganese ion contaminated electrolyte, and reference 

electrolyte. The assembly of each battery is identical, utilizing a double-layer Celgard 2325 

separator and 140 μL of electrolyte. Unlike the pencil cell charging setup, the coin cell undergoes 

50 charging cycles. At the end, the discharge capacity of the battery will be compared under 

different concentrations of manganese ion contamination. 
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NMR experiments were conducted using a Bruker Ascend 300WB with Avance III HD 

instrument at 7.05 T with a nominal 7Li frequency of 116.7 MHz. For samples packed in NMR 

tubes, chemical shift calibration was performed using a 1M LiCl sample, and temperature 

calibration was done using methanol and ethylene glycol for the 273-308K temperature range. 

The samples with different concentrations packed in NMR tubes were tested directly, with the 

testing comprising Inversion Recovery experiments to measure T1 relaxation times and PFG-NMR 

to measure lithium self-diffusion rates (gradient strength ranging from 13 to 650 G/cm). For the 

two sets of pencil cell tests, the diffusion coefficient was measured using PFG-NMR experiments 

at room temperature only.  

 

Table 3. Temperature calibration based on methanol and ethylene glycol chemical shift value 

between 278K- 308K 

Figure 14. Temperature Calibration- plots for Ethylene glycol & Methanol (in nuclear magnetic 

resonance after connecting the BCU unit and water tank. The calibration NMR experiment 

temperature settings are as follows: cooling unit output power set to strong, gas flow set to 600 

lph, and standby gas flow set to 100 lph. The temperature calibration range is from 273K to 303K, 
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using two chemical solvents, methanol and ethylene glycol, to calibrate the temperature based 

on their chemical shifts at different temperatures.) 
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3.3 Results 

3.3.1 Electrochemical results 

The electrochemical tests were conducted using an Arbin instrument. In the coin cell tests, 

the electrolyte containing 0.01 M manganese ions did not show significant differences in 

discharge capacity compared to the reference electrolyte over 50 cycles. However, the 

introduction of 0.05 M manganese ions led to non-chargeable electrochemical performance 

along the 50 cycles time scale, shown in Figure 15 . Although the capacity stabilized afterward, it 

was clear that the discharge capacity was nearly depleted. This confirmed our initial hypothesis 

that the presence of manganese ions affects the battery's capacity. Interestingly, a small amount 

of manganese ions did not cause a significant change. 

Similarly, the pencil cells successfully cycled with the 0.01 M manganese-contaminated 

electrolyte and the reference electrolyte. Both had comparable discharge capacities in the first 

cycle, but it was evident that the two batteries experienced different stages during the cycling 

process. The presence of manganese ions introduced more complex stages in the cycling process, 

possibly due to the formation of a different solid electrolyte interface (SEI) or manganese ion 

deposition, compared to the reference electrolyte. This is currently a hypothesis and requires 

further experiments to validate this behavior. 
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Figure 15. Coin Cell Testing results on discharge capacity changes of lithium batteries in different 

electrolyte environments, with charge cycles on the x-axis. 

 

The higher the concentration of dissolved manganese ions, the greater the impact on 

battery performance. The charge-discharge performance with 0.01 M manganese ions can still 

maintain a stable state, but overall, it shows a noticeable downward trend compared to pristine 

electrolyte. High concentrations of manganese ion contamination (0.05 M) heavily limit the 

battery life at the start. Additionally, in the initial stage, it requires a longer discharge time to 

reach 2.7 V. It is hypothesized that this extra discharge stage is needed for the reduction of some 

solid electrolyte interface layers. Subsequent data also measure the impact of manganese ions 

on the electrolyte from the perspective of different concentrations. 
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3.3.2 1D Scan and T1 Relaxation time 

For 7Li NMR, electrolytes with high and low concentration contaminants were subjected 

to diffusion tests under different temperature ranges. Through the 1-dimensional spectrum, it 

can be clearly observed that electrolytes contaminated with manganese have a positive shift 

shown in Figure 16. The unpaired electrons in transition metals produce a magnetic moment that 

can interact with nearby nuclear spins, leading to a shift in the resonance frequency. This 

interaction can be either through dipolar coupling or through the Fermi-contact interaction. For 

Mn2+, it has unpaired d-electrons that can give rise to Para-magnetism. This can influence the 

chemical shift of nearby nuclei, resulting in a paramagnetic shift.  

The presence of Mn2+ ions, which are paramagnetic due to their unpaired electrons, 

significantly affects the relaxation processes in NMR. Paramagnetic ions like Mn2+ can induce 

faster relaxation of nearby nuclear spins, leading to shorter T1 (longitudinal relaxation time)10,11 

in the sample containing Mn2+. In the sample without Mn2+, relaxation times might be longer, as 

the relaxation mechanisms are primarily determined by dipole-dipole interactions among nuclear 

spins or interactions with the lattice, rather than paramagnetic relaxation processes. The 

shortened relaxation times in the presence of Mn2+ ions can lead to broader NMR signals due to 

faster dephasing of the nuclear spins. This can decrease the resolution of the NMR spectrum, 

making it harder to distinguish between closely spaced signals. In contrast, the sample without 

Mn2+ may exhibit sharper and more resolved peaks, assuming other factors that affect line width 

(like molecular motion or homogeneity of the magnetic field) are kept constant. Paramagnetic 

ions such as Mn2+ can also cause shifts in the NMR signals' chemical shift, known as the 

paramagnetic shift. This effect can complicate the interpretation of the chemical environment 

around the nuclei. The sample without Mn2+ will not exhibit paramagnetic shifts, and its chemical 

shift values will be primarily influenced by the electronic environment surrounding the nuclear 

spins. 

Similarly, the same level of shift is also present in two other transition metals. Through 

the electronic configuration, Fe2+ has four unpaired electrons, while Cu2+ has one unpaired 
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electron. Theoretically, Fe2+ should have a larger paramagnetic shift compared to Cu2+. However, 

what we observed from the 1-dimensional spectrum is that Cu2+ exhibits a larger positive shift in 

Figure 17. Since the chemical environments of the two electrolytes are similar, with the same 

cations, the cause of this shift could be due to direct through-space dipolar coupling. This can 

occur if the unpaired electron of Cu2+ has a strong magnetic interaction with the observed 

nucleus, which could cause a larger shift. 

Figure 16. 7Li (at 7.05 T with a nominal 7Li frequency of 116.7 MHz) 1D Spectrum at room 

temperature, the chemical shift of high-concentration manganese ion dissolved electrolyte 

shows a positive shift due to the paramagnetic effect. The green peak represents the reference 

electrolyte, and the 0.1M lithium ion control group electrolyte shows no change in chemical 

shift. 
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Figure 17. 7Li (at 7.05 T with a nominal 7Li frequency of 116.7 MHz) 1D Spectrum at room 

temperature, the chemical shift of low-concentration iron ions and copper ions dissolved in the 

electrolyte shows a positive shift due to the paramagnetic effect. The 0.02M lithium ion control 

group electrolyte is shown in blue. The other two indicate that copper causes a larger positive 

change, while iron shows a relatively smaller shift. 
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3.3.3 7Li PFG-NMR on Electrolyte 

Through the Arrhenius plot in Figure 18, it can be observed that in the group of high 

concentration electrolytes, the electrolyte contaminated with manganese shows a significant 

decrease in the diffusion coefficient. However, by looking at the linear slopes corresponding to 

each, there is no change in the activation energy of the manganese-containing electrolyte. 

In contrast, the decrease is not as pronounced for the electrolyte with low concentration 

contaminants. In Figure 19, the three linear relationships nearly overlap, showing that at low 

contaminant concentrations, manganese does not impact the diffusivity of the electrolyte. 

Two potential contaminants were also subjected to variable temperature tests under the 

same two concentration groups. In the electrolyte with a high concentration of copper, CuCl2 did 

not completely dissolve, and there were noticeable suspensions in the solution. Therefore, there 

is no comparable data in the high concentration tests for copper. Refer to Figure 19, although 

data was obtained for high concentration Fe2+, its linear relationship almost overlaps with the 

base electrolyte. There are two hypotheses about the changes in high concentration Fe2+: one is 

that Fe2+ did not completely dissolve into the electrolyte; the other is that Fe2+ does not affect 

the diffusion coefficient of the electrolyte. In combination with the content in Figure 19, among 

the low concentration group, the electrolyte containing Fe2+ shows the most significant decrease 

in the diffusion coefficient. This proves that the electrolyte with high concentration Fe2+ did not 

completely dissolve. For the group with low concentration, electrolytes containing Cu2+, Fe2+ and 

Li+ all present the same linear slope, so their corresponding activation energies are also the same. 

However, comparatively, the activation energy of the base electrolyte is lower. 

Figure 18. ( 7Li Result) The two sets of data show the behavior of the high concentration group 

(0.05M) under varying temperatures. The red color represents the electrolyte containing 

manganese ions, which shows a significant decline. The purple electrolyte containing iron ions 

and the control group lithium ion solution exhibit similar behavior, but both are slightly higher 

than the reference electrolyte.  



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

50 
 

  

 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

51 
 

Figure 19. ( 7Li Result) The two sets of data represent the behavior of the low concentration 

group under varying temperatures. Manganese ions show a significant difference at low 

temperatures, with all groups becoming very close at higher temperatures. Copper ions and iron 

ions both exhibit a marked decline in behavior at low concentrations, with the decline being 

more pronounced for iron ions.  
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3.3.4 Variable temperature experiment & activation Energy  

Combining all the 7Li data and the summary in the table, it can be observed that 

electrolytes contaminated with transition metals affect the diffusion of Li-ion in the electrolyte 

at different concentrations. Moreover, in the low concentration group, the contaminants also 

increase the activation energy for diffusion. Interestingly, in Table 4, contaminants containing 

Fe2+ have a faster T1 relaxation time. Theoretically, the involvement of Fe2+ should not have such 

a significant effect on the value of T1. This is because Fe2+ has an electronic configuration of 3d6 

which results in a partially filled d-orbits. In most coordination environments, Fe2+ tends to adopt 

a high- spin state which will have a relatively small magnetic moment. 

Sample 
T1 Relaxation 

(ms) 

Ea (eV) 

1 M LiPF6 in EC/DMC 1750 ± 0.6 (0.203±0.003) 

+ 0.05 M Mn2+ 31 ± 0.1 (0.215±0.002) 

+ 0.1 M Li+ (TFSI) 1440 ± 0.8 (0.217±0.005) 

+ 0.05 M Fe2+ 

1056 ± 0.4 
(0.178±0.02) 

+ 0.1 M Li+ (Cl) 
1876 ± 0.6 

(0.176±0.02) 

Table 4. ( 7Li Result)  At a temperature of 303K, the T1 relaxation time of each sample is given in 

milliseconds (ms), along with the activation energy required for lithium ion diffusion within a 

fixed temperature range (top: 278-303K, bottom: 278-298K). 
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Sample 
T1 Relaxation 

(ms) 
Ea (eV) 

1 M LiPF6 in EC/DMC 1750 ± 0.6 (0.203±0.003) 

+ 0.01 M Mn2+ 
280 ± 0.4 (0.24±0.02) 

+ 0.01 M Li+ (TFSI) 1850 ± 0.5 (0.220±0.002) 

+ 0.01 M Cu2+ 1100 ± 0.3 (0.237±0.004) 

+ 0.01 M Fe2+ 260 ± 0.7 (0.23±0.02) 

+ 0.02 M Li+ (Cl) 1730 ± 0.9 (0.234±0.009) 

 

Table 5. ( 7Li Result)  At a temperature of 278K, the T1 relaxation time of each sample is given in 

milliseconds (ms), along with the activation energy required for lithium ion diffusion within a 

fixed temperature range (top: 293-308K, bottom: 293-208K). 

Sample ΔD (m^2/s) Percentage loss 

+ 0.05 M Mn2+ 

-3.68E-11 -14.84% 

+ 0.05 M Fe2+ 

-2.30E-12 -1.17% 

 

Table 6. ( 7Li Result)  At a temperature of 293K, the changes in the diffusion coefficient caused by 

the dissolution of high-concentration transition metal ions into the electrolyte, and the 

percentage change compared to the reference electrolyte. 
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Sample ΔD (m^2/s) Percentage loss 

+ 0.01 M Mn2+ 

-1.03E-11 -4.46% 

+ 0.01 M Cu2+ -3.22E-11 -9.82% 

+ 0.01 M Fe2+ -7.26E-11 -22.14% 

 

Table 7. ( 7Li Result)  At a temperature of 298K, the changes in the diffusion coefficient caused by 

the dissolution of low-concentration transition metal ions into the electrolyte, and the percentage 

change compared to the reference electrolyte.  

3.3.5 1H PFG-NMR on electrolyte 

Wang's work28 mentioned the propensity of Mn and anions in forming solvation sheaths 

in carbonate electrolyte. This paper used tests of EC’s electron affinity with Li+ and Mn2+ to 

illustrate that EC is the substance with which Mn2+ is more favorable to form a solvation sheath 

in the electrolyte. This is also a reason contaminant can compete with Li-ions in the electrolyte. 

Similarly, using proton diffusion experiments with the electrolyte containing Mn2+ as a reference. 

If the electrolyte containing Cu and Fe shows the same diffusion loss on EC and DMC, it can be 

preliminarily inferred what causes the decrease in diffusion in their electrolytes. The chemical 

environment in the electrolyte was observed by examining the chemical shift of the EC and DMC 

peaks. 
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Figure 20. The 1H (at 7.05 T with a nominal 1H frequency of 300 MHz) NMR spectra collected at 

room temperature show two peaks representing EC and DMC in the electrolyte. The diffusion 

coefficients of each peak were fitted separately to compare the changes. 

 

Sample 
T1 Relaxation 

(ms) @ RT 

T1 Relaxation 

(ms) EC 

T1 Relaxation 

(ms) DMC 

1 M LiPF6 in EC/DMC (2333±0.9) (1939±0.4) (2791±0.1) 

+0.01 M Mn2+ (132.1±0.2) (150.3±0.1) (116.7±0.3) 

+ 0.01 M Cu2+ (579.8±0.4) (570.1±0.5) (600.6±0.3) 

+0.01 M Fe2+ (1257±0.7) (1022±0.5) (1522±0.6) 

+ 0.02 M Li+ (Cl) (2039±0.8) (1751±0.5) (2410±0.1) 

Table 8.  (Proton NMR Results) At room temperature, the changes in T1 relaxation time caused 

by the dissolution of low-concentration transition metal ions into the electrolyte, and the 

respective changes in EC and DMC. 
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Sample Chemical Shift 
EC (ppm) 

Chemical Shift 
DMC (ppm) 

D (EC) 

m^2/s 

D (DMC) 

m^2/s 

1 M LiPF6 in 
EC/DMC 

4.72 3.89 (4.72±0.07) 

E-10 

(5.82±0.09) 

E-10 

+ 0.01 M Mn2+ 4.83 3.99 (4.50±0.03) 

E-10 

(5.48±0.04) 

E-10 

+ 0.01 M Cu2+ 4.71 3.89 (3.20±0.04) 

E-10 

(3.84±0.02) 

E-10 

+ 0.01 M Fe2+ 4.84 4.02 (4.39±0.04) 

E-10 

(5.42±0.04) 

E-10 

+ 0.02 M Li+ (Cl) 4.71 3.91 (4.38±0.04) 

E-10 

(5.41±0.07) 

E-10 

Table 9.  (Proton NMR Results) At room temperature, the chemical shifts and diffusion coefficients 

of EC and DMC after the dissolution of low-concentration transition metal ions into the electrolyte. 

Sample ΔD (EC) 

m^2/s 

Percentage loss ΔD (DMC) 

m^2/s 

Percentage loss 

+ 0.01 M Mn2+ 
-2.20E-11 -4.66% -3.43E-11 -5.89% 

+ 0.01 M Cu2+ -1.52E-10 -32.18% -1.99E-10 -34.13% 

+ 0.01 M Fe2+ 
-3.27E-11 -6.93% -4.08E-11 -7.01% 

Table 10 (Proton NMR Results). At room temperature, the changes in the diffusion coefficients 

collected for the EC and DMC peaks after the dissolution of low-concentration transition metal 

ions into the electrolyte, and the percentage change compared to the reference electrolyte. 
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Through Tables 8 and 9, Fe2+ and Mn2+ have similar degrees of decrease in EC and DMC, 

and they also have similar chemical shifts. However, the introduction of copper results in a more 

pronounced decline in both EC and DMC; and a significant impact on the diffusion data of Li. 

Based on the diffusion data from proton NMR, we can only speculate that Fe and Mn play similar 

roles in the electrolyte, while copper does not. Based on the above results, proton NMR cannot 

intuitively observe whether there is a competitive behavior between copper ions, iron ions, and 

lithium ions similar to that of manganese ions. Moreover, from a comparative perspective, the 

impact of copper ions on EC and DMC far exceeds that of the other two transition metals. 

Therefore, no more diffusion data will be collected using proton NMR, and instead, practical 

battery tests will be conducted based on the observed performance of manganese ions. 

3.3.6 7Li PFG-NMR on Working cells 

The above experiment was conducted specifically on the electrolyte and measured in a 

homogeneous state within NMR tubes. To simulate the actual conditions of battery usage, a 

pencil cell design was employed, which is well-suited for testing the chemical environment of the 

electrolyte. 

NMR experiments collected results before and after charging. A comparison revealed that 

the battery using the reference electrolyte experienced a 6% loss in diffusion coefficient. This 

reduction could be due to the formation of the solid electrolyte interface (SEI), which consumes 

some lithium, leading to a certain degree of lithium depletion in the electrolyte. It could also 

result from the electrolyte degrading slightly during the first two cycles. In contrast, the 

electrolyte containing 0.01 M manganese ions showed a more significant decrease before and 

after charging. The bar chart indicated in red represents the presence of manganese ions. The 

25% reduction clearly demonstrates that the electrolyte with manganese ions lost a significant 

amount of lithium available for battery operation, confirming the initial hypothesis of the 

experiment. 

Additionally, during the experimental phase, the spectra collected from the manganese-

containing electrolyte under NMR had a very poor signal-to-noise ratio, requiring higher gradient 
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strengths and a greater number of scans to convert the one-dimensional spectra collected at 

different gradients into diffusion curves. In simple terms, the paramagnetic effect of 0.01M 

manganese ions made data collection more difficult, with broader peaks and weaker signal 

intensity. 

It was clearly observed that adding manganese-ions accelerated the electrolyte's 

degradation. Although the battery could charge normally, the signal intensity was no longer 

sufficient for data analysis. Due to these considerations, the 0.05 M manganese ion electrolyte 

previously tested in the NMR tube showed significant effects. Thus, this electrolyte was also 

tested in the pencil cell, resulting in the battery failing to survive even one charge-discharge cycle. 

Figure 21. Comparison of lithium diffusion coefficients in the pencil cell before and after two sets 

of charge-discharge cycles. On the left is the reference electrolyte, showing a 6% decrease in the 

diffusion coefficient before (left) and after (right) the charge cycle. On the right is the case with 

the addition of 0.01M manganese ions, showing a 25% decrease in the diffusion coefficient. 
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Cell In NMR tube 
(electrolyte 

only) 

Pencil cell  

(before charge) 

Pencil Cell  

(after charge) 

T1 Relaxation 
time (ms) 

Pristine 
electrolyte full 

cell 

D: 

(8.21±0.06)   E-
10  

D: 

(7.99±0.01)   E-
10 

D: 

(7.49±0.08)   E-
10  

2739 

+ 0.01 M Mn 
electrolyte full 

cell 

D: 

(8.82±0.02)   E-
10  

D: 

(8.49±0.07)   E-
10 

D: 

(6.4±0.5)   E-10  

101 

+ 0.01 M Mn 
electrolyte full 

cell after 3 
weeks 

/ D: 

(5.42±0.03)   E-
11  

/ (really low 
signal to noise 

ratio) 

26 

 

Table 11. ( 7Li Result) Changes in the tested electrolyte after different storage periods under the 

same storage conditions. The electrolyte containing 0.01 M manganese ions showed significant 

changes when retested three weeks after the end of the experiment, and the collected spectral 

signal intensity was very low. 
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Chapter4 

In Operando NMR Study with different discharge algorithms 

4.1 Introduction 

The previous discussion focused on the materials of the cathode and electrolyte. However, 

there are many challenges when it comes to the Battery Management System (BMS) of batteries. 

With the increasing number of electric vehicles, improving charging rates to enhance vehicle 

utilization has become a key goal for all battery manufacturers. Compared to fast charging72,73, 

conventional full charging takes about 6-8 hours, while fast charging increases the charging 

current, enabling the vehicle to reach the same capacity in a shorter time. The essence of a 

battery is the redox reaction of lithium ions, and frequent fast charging weakens the battery's 

ability to reduce. While fast charging is well-discussed so far, rapid discharging is less explored. 

What impact does changing the discharge rate have on the battery; this is an uncharted gray area. 

Because all the issues are unknown, testing is needed to determine how changing the discharge 

rate affects electrochemical performance or the components within the battery. Under this setup, 

the operando experiment setting can perfectly meet this requirement. Specifically, changing the 

discharge rate refers to discharging the battery in a pulsed manner. This involves discharging the 

battery rapidly for a period, then resting for a period before discharging rapidly again. The 

discharge rate is adjusted during these intervals, and the corresponding discharge time is also 

modified (as shown in the figure 22). This discharge algorithm is known as pulse discharge (PD). 

Nuclear Magnetic Resonance is a very advantageous technique for observing changes in lithium 

batteries. As mentioned earlier, NMR can track changes in the electrolyte and lithium metal 

within the battery. It is hypothesized that lithium batteries might experience different growth 

rates of the solid electrolyte interphase during pulse discharge. Additionally, the surface 

morphology of lithium metal may also change. These two points can be considered the biggest 

challenges faced by fast charging. If the battery can maintain health under the fast discharge 

algorithm, the most likely reason is changes in these two areas74. 
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Figure 22. Diagram showing the difference between pulse discharge and constant discharge, with 

current on the y-axis and time on the x-axis. 

 

4.2 Experimental 

A distribution diagram of a parallel-plate resonator made of PEEK material under B1 

magnetic field is shown in the figure 23. The specific design is depicted in Figure at the bottom. 

As can be seen, this consists of a set of parallel PEEK plates, each 50 mm long and 20 mm wide, 

with a 7.0 mm gap between them. Capacitors are placed at each end corner, connected to the 

current to enhance the B1 field between the two plates. A cartridge cell, fitting perfectly, is placed 

in the 7 mm gap, as shown in Figure 23. 

The cartridge cell's size allows it to be vertically placed into the operando probe designed 

by the Dr.Goward group75. The working electrode and counter electrode can be connected from 

both ends of the battery inside the probe to the external Gamry instrument, enabling operando 

experiments (simultaneously achieving charging and discharging while collecting NMR spectra). 

This battery has good sealing properties and is also made of PEEK material, ensuring the accuracy 

and stability of the collected NMR spectra. The cartridge cell design perfectly incorporates all the 

components of a conventional liquid battery: cathode, anode electrolyte, separator, and current 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

65 
 

collector (it can also be set up as a three-electrode battery to accommodate an additional 

reference electrode). This battery, capable of performing operando experiments, allows a clear 

observation of the changes in the electrolyte, lithium metal, and various solid layers inside the 

battery during different charging and discharging stages and rates. Additionally, using other NMR 

software (ssNake76), the collected spectra can be fitted to quantify the changes in these 

components. 

Figure 23 Top: Parallel-plate resonator RF probe used to hold the cartridge cell.  

Bottom: Top and bottom views of the cartridge cell 

6. The design for injecting electrolyte, sealed in advance with resin. 
7. The location of the current collector wiring. 
8. The screw position for sealing and closing the battery. 
9. The reserved O-ring position to enhance sealing. 
10. The reserved holes to help align the battery during assembly.  

Reprinted with permission from Carbon, 2022, 189, 377-385. Copyright © 2022, Elsevier
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The cartridge cell is designed as a sealed system with the capability to replenish the 

electrolyte at any time (this function is not needed here and is sealed with Araldite 2014 epoxy 

resin). Eight PEEK screws are used to ensure the battery's sealing and good contact, and an 

ethylene propylene diene monomer (EPDM) rubber O-ring75,77 is used to seal the position marked 

as number 4 in Figure 23, ensuring that the battery maintains good sealing after pressure is 

applied. 

Figure 24. Diagram of the field strength distribution calculated for the parallel-plate resonator. 

The dashed line indicates the placement area of the cartridge cell, ensuring a uniform field 

strength. 

 

The materials intended for the cartridge cell preparation include cathode 

LiNi0.5Mn0.3Co0.2O2 (NMC532, 1.8 mAh/cm²) and a uniformly thick piece of lithium metal 

weighing approximately 0.1 g as the anode. It's important to note the size relationships of the 

electrodes to ensure the successful charging of this half-cell. The size control of materials is as 

follows: NMC532 (1.4*2.5 cm²) < lithium metal < separator (2.1*3.2 cm²) (represented by a 

copper current collector of the same size in the figure 24). 

Before assembly, all battery components are vacuum stored in a 120°C oven for over 15 

hours to ensure all moisture is removed. The assembly process is carried out in an Ar-filled glove 

box, using two pre-prepared separators and a total of 300 μL electrolyte. Typically, the cartridge 
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cell configuration includes placing an aluminum current collector on the cathode and a copper 

current collector under the anode. This design promotes good contact within the battery. 

However, for this project, which tests a half-cell (where the lithium metal thickness is greater 

than that of the anode), therefore, during the assembly process, the copper current collector was 

removed to ensure good sealing. Subsequent NMR data proved the feasibility of this optimization. 

Figure 25. Diagram of the electrode sizes in the battery, with the copper current collector used as 

a size reference (it is the same size as the separator). On the right is the NMC532 cathode. 

 

After preparing the cartridge cell, it will be placed into the previously mentioned parallel-

plate RF probe, and then inserted into the NMR magnet. The copper and aluminum wires at both 

ends of the battery are connected to the pre-designed counter electrode and working electrode 

ports on the probe. Two external wires will then connect the probe ends to the Gamry Interface 

1000E potentiostat for electrochemical testing. While charging and discharging, NMR spectra will 

be collected, defined here as an operando NMR experiment. 

Electrochemically, both tests start with a C/20 formation cycle. The cell will charge at a 

constant current rate of C/20 up to 4.2V, then rest under open circuit voltage conditions for 30 

minutes. It will then discharge at a constant current rate of C/20 down to 2.7V, followed by 

another 30-minute rest under open circuit voltage conditions, and then repeat the cycle. The 

formation cycle consists of only two cycles, and both batteries in the comparative experiment 

are identical in this regard. The difference lies in the conventional charge-discharge stage. 

Specifically, only the discharge phase differs. Each charging cycle involves charging at a constant 
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current to 4.2V, followed by a constant voltage phase until the current drops to C/6, and then a 

30-minute rest under open circuit voltage conditions before discharging. One battery undergoes 

pulse discharge, while the other undergoes constant current discharge down to 2.7V. 

The NMR experiment is conducted at room temperature using a Bruker Avance III HD 

wide-bore instrument at 7.05 T with a nominal 7Li frequency of 116.7 MHz. One-dimensional 

spectra will be collected and calibrated to 0 ppm based on the electrolyte peak position. The 

Ernst angle (pulse tip angle of 30 degrees) and recycle delay will be set to 500 ms, based on the 

T1 relaxation times of lithium metal and the electrolyte, to achieve the best signal-to-noise ratio. 

For the constant current discharge, NMR spectra will be collected every three minutes, while for 

the pulse discharge, spectra will be collected every minute. The collected 1D spectra will then be 

fitted using ssNake. 

4.3 Results and Discussion 

4.3.1 7Li Operando Experiment 

The essence of the 7Li operando experiment in this work is to continuously collect 1D 

spectra during the charge and discharge processes. As shown in the figure 26, there are two 

peaks: one from the -15 to 10 ppm region, representing the electrolyte peak, marked in gray, and 

the other from the 250 to 290 ppm region, representing the lithium metal peak58,59, marked in 

green. The spectrum shown in the figure 26 is captured during discharge. By fitting the gray peak 

with ssNake, it can be observed that this gray peak consists of an electrolyte peak (blue) and a 

broad peak of the solid electrolyte interphase (SEI) layer (orange) around 0 ppm. The green peak 

can be split into a metallic lithium peak (brown) and a mossy lithium peak formed during charging 

(red). 

Discussing the two peaks separately, as shown in the figure 27, the three stages within 

the first charge-discharge cycle of the battery are displayed in overlapping colors: the initial state 

(green), the top of charge (blue), and the bottom of discharge (yellow). On the left side, 

representing the breathing changes of lithium metal, at the start, no mossy lithium is formed, so 
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the shoulder at the lower right is not visible. The fully charged state shows the highest signal 

intensity, as mossy lithium has grown to its most saturated state in this cycle. As the battery 

discharges again, the signal decreases but remains higher than the initial state because some 

mossy lithium has accumulated on the metallic lithium surface. On the other side, the electrolyte 

region starts with the lowest signal intensity. Charging the battery causes lithium in the 

electrolyte to deposit onto the anode surface, forming a solid electrolyte layer, which appears as 

a small shoulder on the lower left of the peak. By the end of discharge, the electrolyte is fully 

reduced, and the solid electrolyte layer has formed, resulting in the highest signal intensity. 

Figure 26. A one-dimensional spectrum of 7Li collected during the charging process, categorized 

by color into two main regions: green (lithium metal) at 270 ppm and gray (electrolyte) at 0 ppm. 

The fitted data show lithium metal and mossy lithium on the sides, with the solid electrolyte 

interface and electrolyte on the right. 

 

 

Figure 27. On the left is the one-dimensional spectrum of the lithium metal region peak at 

different stages of charge and discharge in the first cycle of the battery. The bottom left shows 
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the fitting of the mossy lithium morphology. On the right is the one-dimensional spectrum of the 

electrolyte region peak at different stages of charge and discharge in the first cycle of the battery. 

 

 

 The quantification of changes in intensity across the 7Li spectra show oscillatory behavior 

at both the Li-metal region and electrolyte region.  The changes are small but measurable and 

indicate a breathing-mode behavior at both interfaces. 

The assembly sequence of the battery is shown in Figure 28. Since there is no similar data 

model to refer to, lithium metal is used as the anode in the battery to help us obtain a 

quantitative reference from the initial NMR data. Taking Figure 29 as an example, this is a 

schematic diagram of the lithium metal peak region at the end of charging. The blue line 

represents the original data, and the black line represents the sum of the fitted green peak 

(originating from the lithium metal anode) and the red peak (originating from mossy lithium). 

The fitting result may have some degree of variation, but the fitting process is automatically 

completed on ssNake software using the multi-fit sequence designed by Alexander, ensuring the 

consistency of the fitting results. It can be seen from Figure 29 that mossy lithium forms on the 
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lithium metal anode during the charging phase, so we can observe the fitting result of the red 

peak 2, which is a Gaussian curve at 265 ppm, in the corresponding NMR slice. Similarly, Figure 

30 shows the fitted data of the electrolyte region, where it can be seen that the integral of the 

fitting result mainly comes from the contribution of the electrolyte. Additionally, during the 

charging process, SEI forms, displayed as a Gaussian signal at 0 ppm. 

Figure 28 shows the assembly sequence of the cartridge cell, with the electrolyte added between 

each layer. 

 

Figure 29 shows the ssNake fitting results for the lithium metal region. The signal of peak 1 (green) 

represents the lithium metal anode, while the signal of peak 2 (red) represents mossy lithium. 
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Figure 30 shows the ssNake fitting results for the electrolyte region. The signal of peak 1 (green) 

comes from the electrolyte, while peak 2 (red) represents the formed SEI. 

 

4.3.2 Fitting results 

The experimental data are presented as comparative experiments. On the left side, the 

charging behavior of pulse discharge and the fitted data results on ssNake are shown, while on 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

73 
 

the right side, the constant discharge is used as a control. Different colors of dashed lines are 

used in the images to mark the different charge and discharge phases to help distinguish the 

changes. Only the first five cycles are shown here, and it is clearly observed that the first two 

cycles behave differently from the last three cycles. Although both batteries underwent the same 

formation cycle before running the comparative tests, only the uniformly changing cycles 3, 4, 

and 5 are compared here. Under the fitted PD conditions, the change in the solid electrolyte 

layers (SEI + CEI) shows an overall downward trend in the fitting results. Therefore, different 

fitting parameters were used on ssNake, and the comparison results are as follows. The first set 

of tests used unchecked fitting parameters, while the second set used checked fitting parameters. 

The comparison shows that the results obtained with unchecked fitting parameters are more 

consistent with the experimental breathing patterns of SEI and CEI, and the experimental results 

are more uniform. 

Figure 31. Two different fitting methods used during the fitting process. The first method, on the 

left, shows the trend of the curve with unlocked fitting coefficients. The second method, on the 

right, uses the average values from the first method's fitting data to fix the line width and 

chemical shift as constant coefficients for the fitting curve. 
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First, we observe the overall change in the peak of the entire -15 to 10 ppm region, which 

is designated as the electrolyte region peak. Although the electrolyte content of the two batteries 

was controlled to be the same during assembly, the degree of sealing of the batteries cannot be 

controlled. Therefore, this section focuses on observing the changes between cycles. Here, it is 

evident that the intensity changes of the two peaks under two discharge algorithms are 

synchronized. The blue dashed line represents the start of the discharge phase, where the 

integral starts to rise, consistent with the discharge phase where lithium ions are reduced into 

the electrolyte, and the amount of the generated solid layer tends to stabilize. The black solid 

line indicates the end of discharge, showing a trend where the integral begins to decrease on 

both sides. The magnitude of change is similar in both cases, approximately 0.1*E^11 on the 

vertical axis. This indicates that the substances that may be generated in the entire electrolyte 

region did not change significantly under the PD algorithm. 

The second comparison is the electrolyte peak within the electrolyte region. This peak, as 

mentioned earlier, is a Lorentzian peak and occupies most of the signal in this region. By 
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observing the trend changes, this peak changes relatively uniformly in each cycle and can 

maintain the same integral after five cycles as at the start of the third cycle. Moreover, from a 

temporal perspective, the changes in the electrolyte are similar under both algorithms. The 

integral shows a downward trend at the beginning of charging and an upward trend at the 

beginning of discharging, consistent with the conventional behavior of the electrolyte during the 

charge and discharge phases of the battery. 

The third comparison is the change in the solid electrolyte layers. Specifically, this 

Gaussian peak represents the total change in both SEI and CEI layers. The clear difference under 

the PD algorithm can be observed through the dashed line; before the end of the PD phase, the 

SEI and CEI layers already show a decreasing trend. In contrast, under the constant current 

method, the SEI and CEI layers reach a local maximum at the end of the discharge phase (followed 

by a decreasing trend as a rest period begins). This observed difference cannot currently be 

attributed specifically to changes in either CEI or SEI. What can be observed is that the PD 

discharge method results in greater overall changes in SEI and CEI between each cycle, but these 

changes can be reversed. Neither discharge method showed significant growth of the solid layers 

before the end of the first five cycles. The changes in these two solid layers are speculated to be 

the main difference brought about by the PD discharge method. If the PD discharge method can 

slow the growth rate of SEI and CEI, this might explain why battery life is extended. 

Figure 32. The total integral curves of the fitted SEI and CEI under pulse discharge (left) and 

constant discharge (right) tests. The brown dashed lines indicate the start of each cycle from the 

third cycle onwards, the blue dashed lines represent the beginning of the discharge phase in each 

cycle, and the black solid lines denote the end of the discharge phase in each cycle. 
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Fourth, the comparison is of the 250 to 290 ppm region, which is classified as the lithium 

region composed of anode metallic lithium and mossy Li formed on the lithium metal surface 

during cycling. It is evident that the peak integral changes in the lithium region are very uniform. 

Starting from the third cycle, the integral under both discharge environments increases with the 

start of charging, remains unchanged during the CV stage and rest stage, and begins to decrease 

with the start of discharge. The changes in integral on both sides are approximately 1.2-1.3*E^11. 

The fifth comparison is of the changes in metallic lithium. It can be observed that from 

the start of the charging phase, the integral begins to increase, with a similar growth slope on 

both sides. However, the decrease in integral shows two stages: from the start of CV to the end 

of rest, both sides exhibit a relatively slow decline rate. With the beginning of the discharge phase, 

the integral rapidly decreases to the same level as at the start of the cycle by the end of the 

discharge phase. 
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Figure 33. The integral curves of the fitted lithium metal under pulse discharge (left) and constant 

discharge (right) tests. The brown dashed lines indicate the start of each cycle from the third cycle 

onwards, and the blue dashed lines represent the beginning of the discharge phase in each cycle. 

 

The sixth comparison is of the changes in mossy lithium. During the charging phase, 

lithium ions flow towards the metallic lithium (anode), forming the SEI layer and some mossy 

lithium. This growth trend continues until the beginning of the discharge phase. Under constant 

conditions, the growth and decay rates are the same, and the beginning of the discharge phase 

coincides with the local maximum of the integral. By the end of each cycle, the mossy lithium can 

be completely reduced. The difference under PD conditions is that there is a noticeable segment 

with a different growth rate starting from the CV stage, and at the end of each cycle, a small 

portion of mossy lithium remains unreduced. 

Figure 34. The integral curves of the fitted mossy lithium under pulse discharge (left) and constant 

discharge (right) tests. The brown dashed lines indicate the start of each cycle from the third cycle 
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onwards, and the blue dashed lines represent the beginning of the discharge phase in each cycle.

 

In summary, pulse discharging did not show significant changes in the first five cycles of 

the battery. As shown in the table, the degree of change in each fitting parameter is similar under 

the two different discharge conditions. The formula used to calculate the change in integral 

compares the percentage change from the beginning of cycle 3 to the end of cycle 5. 

 

 

（4.1） 

 The reason for comparing only the last three cycles is that during the operando 

experiments, the battery might produce phase-shifted signals due to the strong magnetic field 

and pulse, or unstable electrochemical performance collected by Gamry1000 while cell is in the 

magnet. Because the performance from the third cycle to the fifth cycle was relatively stable, it 

was used as a reference. 



Master Thesis – Runze Zheng; McMaster University – Department of Chemistry 
 

79 
 

It is noteworthy that the two peaks fitted by the Gaussian function belong to products 

generated during the charge and discharge cycles and should exhibit breathing behavior 

(formation and reduction) during the battery cycle. However, in the case of pulse discharge, a 

small amount of mossy lithium deposition can be observed, and the overall trend of SEI and CEI 

is decreasing. It is speculated that this is related to the formation and changes in CEI; however, 

another set of control experiments is needed to verify this. 

Table 12. Summary of the fitting results trends for all components in the cartridge cell during the 

charge-discharge process, including the behavioral changes between cycles and the calculated 

percentage change in the integral. 

Although the operando cell only shows data for 5 cycles here, the battery life can be 

maintained for a longer period. During the OCV rest stage after the five cycles, each fitted 

component exhibited a very stable level over these several hours. The electrolyte level remained 

stable, and in the test, the cartridge cell under constant current testing was left in the magnet 

for 16 hours without any significant fluctuations in signal intensity or voltage. Additionally, the 

Coulombic efficiency of the battery during the charge-discharge cycles was also relatively stable. 

Figure 35. Cycles 6-21 under pulse discharge testing, showing that the battery still maintains 

normal charge and discharge.  
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Figure 36. The performance of the cartridge cell during OCV rest after five cycles, showing stable 

voltage 
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.  

Table 13. The charge and discharge capacities of each cycle and the Coulombic efficiency of the 

cartridge cell during constant current discharge testing.  
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Chapter5 

Outlook 

5.1 Summary & Conclusion 

The entire work mainly focuses on testing the performance of point batteries using 

nuclear magnetic resonance and electrochemical measurement instruments. Manganese ions 

are given attention due to their significant negative impacts on batteries. With increasing 

demands for efficiency and durability in batteries, manganese ions, which can form as efficiency 

contaminants after prolonged charging, are particularly important. This study only preliminarily 

analyzes the impact of manganese ions on the electrolyte, though transition metals like 

manganese can also harm other components of the battery. 

Chapter 3 primarily discusses the use of PFG-NMR (7Li) to test the effects of different 

concentrations of manganese ions on the diffusion coefficient of lithium in the electrolyte. The 

study tested two concentrations, 0.01 M and 0.05 M, based on the possible concentrations of 

manganese ions that might occur in the battery, and controlled within measurable T1 and T2 

relaxation times. Results showed, as hypothesized, that manganese ions cause a decrease in the 

diffusion coefficient of the electrolyte, and this trend becomes more pronounced with increasing 

concentration. Charge and discharge tests were also conducted using these two groups of 

electrolytes, and results indicated that 0.05 M of contaminants hinder the battery's charge and 

discharge cycles. This experiment also tested the diffusion coefficient of the battery before and 

after charging and discharging at room temperature. For the uncontaminated electrolyte, the 

diffusion coefficient decreased by 6% before and after charging and discharging, while with 0.01 

M manganese ions, the battery could still charge successfully, but the diffusion coefficient 

decreased more significantly (25%) after successful charging. Both sets of experimental data 

demonstrate that manganese ions compete with lithium ions in the electrolyte, and this 

competition becomes more evident after charging and discharging. This chapter also discusses 

other tested transition metals, copper ions and iron ions. Experimental data show that iron ions 
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may have similar effects to manganese ions, but copper ions cause significant decreases at a 

concentration of 0.01 M. It was observed in temperature variation experiments that the 

introduction of the three transition metals did not change the activation energy of lithium 

diffusion, so the effects of copper ions need further research, and the stable oxidation state of 

iron ions in the electrolyte also requires further discussion. In the context of electrochemistry, in 

environments containing manganese ions, high concentrations of manganese ions have shown a 

significant drop in discharge capacity within the first 10 cycles. In contrast, 0.01 M manganese 

ions do not cause noticeable changes in discharge capacity. 

Chapter 4 mainly describes the design of cartridge cells for operando experiments. This 

allows the transition from only discussing the electrolyte to observing the entire battery 

components. The testing began with collecting the constant current charge and discharge 

performance of lithium metal as the anode. The collected experimental data (NMR and 

electrochemical) serve as reference data for all subsequent tests. A control experiment was 

conducted to test the effects of pulse discharge on the battery. Comparative reference data 

showed that within the first five charge-discharge cycles, pulse discharge did not significantly 

affect the electrolyte and lithium metal. However, it showed different growth rates of mossy 

lithium during constant voltage charging compared to constant current periods; the impact on 

CEI and SEI was reflected in the discharge phase, where constant current discharge initially 

caused the integral to decrease, while pulse discharge showed an initial rise then a decrease. 

Both experiments indicated that pulse discharge alters the battery's morphology. Further 

experiments are needed to refine the impact of pulse discharge on SEI and CEI separately. 

Operando experimental data demonstrated the stability of the cartridge in half-cell tests, but 

testing transition metal manganese ions under this setup still poses challenges due to 

paramagnetic effects that may cause bulk magnetic susceptibility shifts (BMS), leading to 

displacement and broadening of measured components during testing. 
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5.2 Future Plan 

The impact of transition metal manganese on the electrolyte is just one aspect; its effect 

on the solid electrolyte interface (SEI) is also worth discussing. Additionally, the protective 

mechanisms against manganese ion dissolution are a promising area for further research. It is 

currently understood that crown structure complex compounds can mitigate the dissolution of 

manganese ions and show benefits in electrochemical performance, but their impact on the 

diffusion coefficient has not been discussed. Moreover, the oxidation state of manganese ions 

varies under different conditions. X-ray microscopes might be helpful in testing oxidation states, 

as this technology could track and quantify the changes in the oxidation states of trivalent and 

divalent manganese ions. On the other hand, for operando experiments, the observed changes 

in CEI (cathode electrolyte interface) and SEI can be initially studied by altering the upper cutoff 

voltage during testing to observe CEI variations. Different upper cutoff voltages might change the 

growth of CEI during the discharge process. Similarly, for discussing solid-state electrolyte 

interfaces, X-ray tomography could potentially observe changes before and after experiments. 

This technology can visualize the thickness of the anode and possibly the formation of mossy 

lithium. The application of manganese ion-containing electrolytes in operando experiments still 

poses challenges and requires further testing to demonstrate feasibility. 
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Appendix 

 

Appendix Figure 1 0.01M Mn-additive electrolyte charging and discharging cycle performance 
with C-rate C/20 
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Appendix Figure 2 Reference electrolyte charging and discharging cycle performance with C-rate 
C/20 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

-0.00004

-0.00003

-0.00002

-0.00001

0

0.00001

0.00002

0.00003

0.00004

40000 90000 140000 190000 240000

V
o

lt
ag

e
(V

)

C
u

rr
e

n
t(

A
)

Test_Time(s)

Current(A), Voltage(V) vs. Test_Time(s)

1-019 Current(A)

1-019 Voltage(V)


