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ABSTRACT 

Fossil fuel has dominated the global energy market for centuries, and the world is undergoing 

a great energy revolution from fossil fuel energy to renewable energies, given the concerns on 

global warming and extreme weather caused by the emission of carbon dioxide. Lithium ion 

batteries (LIBs) play an irreplaceable role in this incredible energy transition from fossil energy to 

renewable energy, given their importance in energy storage for electricity grids and promoting the 

mass adoption of battery electric vehicles (BEVs). Extreme fast charging (XFC) of LIBs, aiming 

to shorten the charging time to 15 minutes, will significantly improve their adoption in both the 

EV market and grid energy storage. However, XFC has been significantly hindered by the 

relatively sluggish Li+ transport within LIBs. 

Herein, effects caused by increasing charging rates (from 1C, 4C to 6C) on 

LiNi0.6Mn0.2Co0.2O2 (NMC622) || graphite cell were systematically probed via various 

characterization methods. From electrochemical test on their rate/long term cycling performance, 

the significant decrease in available capacity under high charging rates was verified. Structural 

evolutions of cycled NMC622 cathode and graphite anode were further probed via ex-situ powder 

diffraction, and it was found that lattice parameters a and c of NMC622 experience irreversible 

evolution due to loss of active Li+ within NMC622; no structural evolution was found for the 

graphite anode, even after 200 cycles under 6C (10 minutes) high charging rates. The aging 

behavior of liquid electrolyte was further analyzed via inductively coupled plasma-optical 

emission spectrometry (ICP-OES) and gas chromatography-mass spectrometry (GC-MS), 

increased Li+ concentration under higher charging rates and show-up of diethyl carbonate (DEC) 

and dimethyl carbonate (DMC) caused by transesterification both suggest faster aging/degradation 

of liquid electrolyte under higher charging rates.    

Given the structural evolution of NMC622 caused by irreversible Li+ loss after long term 

cycling, the structural evolution of both NMC622 cathode and lithiated graphite anode were further 

studied via operando neutron diffraction on customized LiNi0.6Mn0.2Co0.2O2 (NMC622) || graphite 

cell. Via a quantitative analysis of collected Bragg peaks for NMC622 and lithiated graphite anode, 

we found the rate independent structural evolution of NMC622: its lattice parameters a and c are 

mainly determined by Li+ contents within it (x within LixNi0.6Mn0.2Co0.2O2) and follow the same 

evolution during the deintercalation process, from slowest 0.27 C charging to the fastest 4.4 C 
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charging. For graphite intercalated compounds (GICs) formed during Li+ intercalating into 

graphite, the sequential phase transition from pure graphite → stage III (LiC30) → stage II (LiC12) 

→ stage I (LiC6) phase under 0.27 C charging is consistent with previous studies. This sequential 

phase transition is generally maintained under increasing charging rates, and the co-existence of 

LiC12 phase and LiC6 was found for lithiated graphite under 4.4 C charging, mainly due to the 

large inhomogeneity under these high charging rates. Meanwhile, for the stage II (LiC12) → stage 

I (LiC6) transition, which contributes half the specific capacity for the graphite anode, quantitative 

analysis via Johnson-Mehl-Avrami-Kolmogorov (JMAK) model suggests it to be a diffusion-

controlled, one-dimensional transition, with decreasing nucleation kinetics under increasing 

charging rates.    

Based on the LiC12 → LiC6 transition process, strategies to improve the Li+ transport 

properties were further utilized. Various cosolvents with smaller viscosity, from dimethyl 

carbonate (DMC), ethyl acetate (EA), methyl acetate (MA) to ethyl formate (EF), were further 

tested by replacing 20% (weight percent) ethyl methyl carbonate (EMC) of typical 1.2 M LiPF6 

salt solvated in ethylene carbonate (EC)/EMC solvents (with a weight ratio of 30:70). From the 

measurement of their ion conductivity, the introduction of these cosolvents indeed enhanced the 

Li+ transport properties. This was further verified by improved rate performance from 2C, 3C to 

4C charging for liquid electrolytes using these cosolvents. Both X-ray absorption spectroscopy 

(XAS) and X-ray powder diffraction (XRD) indicated the increase of Ni valence state and 

structural evolution of NMC622, all resulting from the irreversible loss of active Li+ within the 

NMC622 cathode. From long term cycling performance and further analysis of interfaces formed 

between electrode and anode, the best performance of electrolyte using DMC cosolvent was 

attributed to the most stable solid electrolyte interphase (SEI) and cathode electrolyte interphase 

(CEI) formed during the cycling.   
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1.  FUNDAMENTALS OF LITHIUM ION BATTERIES 

During the past centuries, fossil fuels, especially crude oil, have greatly improved 

humanity’s life and dominated the global energy market, as more than 80% of global energies are 

fossil fuel energies [1]. At the same time, it causes serious climate challenges from global warming 

caused by the emission of carbon dioxide to extreme weather [2,3]. Thus, as shown in Figure 1.1, 

most countries promise to realize carbon neutrality by 2060 via replacing fossil fuels with “green 

energy” like wind energy and solar energy [4–6]. Furthermore, the world is experiencing this great 

energy revolution from fossil fuels to renewable energies. For these renewable wind/solar energies, 

due to their intrinsic instability, grid energy storage devices are of great necessity to stabilize their 

transport over grids [7–9].   

Given its good balance between cost, performance, and maturity, lithium ion battery (LIB) 

plays a central role in this energy revolution. LIBs with improved rate performance will respond 

better to the dynamic needs of grids thus serve better to the energy storage needs from these 

renewable energies; meanwhile, shortening charging time will mitigate greatly people’s concern 

on the time consumed for the charging of LIBs and thus stimulate the mass application of both 

renewable energies and battery electrical vehicles (BEVs) [10,11]. Thus, the enhanced rate 

performance of LIBs will significantly accelerate this revolution. 

In line with this incredible energy evolution, the Department of Energy of US (DOE) sets 

detailed technical goals to realize extreme fast charging (XFC) for LIBs: while shortening 

charging time to be less than 15 minutes, BEVs should have the range of over 300 miles, and 80% 

capacity needs to be retained after 500 cycles, with initial energy density ≥ 180 Wh/Kg [12]. 

These years, extensive studies have been implemented on the realization of extreme fast charging, 

and the latest progress is well summarized in these publications [10,13–19]. 
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Figure 1.1. Energy revolution from fossil energy to renewable energy to realize carbon neutrality 

by 2060 

1.1 Fundamentals of Lithium ion batteries 

Typically, LIBs possess a sandwich structure and consist of three major components: the 

cathode material providing active Li+ during the charging process, electrolyte (nonaqueous liquid 

or solid-state) bridging Li+ transport between cathode and anode, with the anode playing as the 

host for intercalated Li+. For the charging process, the Li+ deintercalates from the cathode and 

diffuses/migrates within the electrolyte, and gets intercalated into the anode within the internal 

circuit. For the external circuit, electrons are pumped from the cathode with a relatively lower 

Fermi energy level into an anode with a relatively higher Fermi energy level by the power source. 

Thus, electroneutrality is well maintained, and the electrical energy is then successfully converted 

into chemical energies stored within LIBs. When it comes to the discharging process, movements 

of electrons in the external circuit and Li+ in the internal circuit experience the reverse process.  

For the open-circuit voltage (Voc) of LIBs, higher Voc has the potential to provide a higher 

average working voltage and higher energy density. However, the Voc is intrinsically determined 

by the difference between the electrochemical potential of the cathode (μC) and the anode (μA), as 

shown in equation (1.1), where e presents the magnitude of an electron charge. As shown in Figure 

1.2a, dominating cathode materials used in LIBs were all developed by John B. Goodenough and 

his collaborators and further improved by the whole community, from polyanion LixFe2(XO4)3, 
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spinel LiMn2O4 to layered oxide LiTMO2 with 3d transitional metal (TM) cations Ni, Mn and Co, 

typically [20,21].  

𝑉𝑜𝑐 = (𝜇𝐴−𝜇𝐶) 𝑒                               (1.1)                        ⁄  

 

 

Figure 1.2. Constrains on voltage range of LIBs: (a) the 3 major types of cathode materials 

utilized by the LIBs industry [20], (b) the relative energy scheme for various elements within 

cathode materials [20], adapted with permission from Manthiram, (c) the stability window of 

liquid electrolyte within LIBs [22], adapted with permission from Peljo et al.. 

 

As shown in Figure 1.2b, the workable voltage range for cathodes is intrinsically 

constrained by the relative energy difference between TM cations and anions (typically, oxygen 

and sulfide) within the cathode frame. During the charging process, TM cations are the redox 

center to maintain electroneutrality via its reduction (TM cations get electrons during discharging) 

and oxidation (TM cations lose electrons during charging). Moreover, cathode materials involving 

anionic redox (mainly the participation of oxygen) are not considered as those cathode materials 

are still immature, and there is no actual application in the industry [23,24]. Meanwhile, during 

the charging process, electrons are deprived of these TM cations and transferred to the anode 

within the external circuit. Thus, the valence state of TM cations increases and their energy levels 

drop down after this oxidation, and the higher voltage the cathode is charged to, the lower will 

the energy level TM cations will drop into. When charged to a critical value (the amount of 

deintercalated Li+ from the cathode is greater than a specific value), the energy level of TM cations 
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will even drop to levels lower than that of O2p orbitals. Thus, the further charging process (the 

further deintercalation of Li+ from cathode materials) will involve electrons transferring not from 

the TM cations but from the O2p orbital. As oxygen anions form the basic frames for the whole 

crystal structure of cathode material, their participation in the following redox reaction will lead 

to their loss of electrons. Beyond a certain level, the charging of LIBs will lead to the formation 

of O2 gas from O2- anions and result in detrimental structural damage to the cathode material and 

final breakdown of cathode materials. Goodenough initially suggested this, and it was 

experimentally verified in recent studies. The redox behaviors of oxygen (the participation of 

oxygen in losing/getting electrons during the charging/discharging process) within LiTMO2 are 

under intensive studies these days, given their possibility to improve the specific capacity of 

cathode materials [23–25]. In this study, we focus only on the redox behavior of TM elements 

and choose the typical value of 4.2 V vs. Li/Li+ for LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode; thus 

no redox behavior of oxygen is involved in the study. 

Besides the constrain from cathode materials, the working voltage range for LIBs should 

also be within the electrochemical stability window of liquid electrolytes, as shown in Figure 1.2c. 

It is known that during the charging/discharging process, the liquid electrolyte tends to be reduced 

at the anode side (during the discharging process) and oxidated at the cathode side (during the 

charging process). If μC and μA are out of this stability window, oxidation/reduction of liquid 

electrolyte will occur during each cycle, leading to various side reactions, irreversible loss of active 

Li+ from cathode material, lower Coulomb efficiency, and accelerated degradation of the full cell 

[22]. This stability window of liquid electrolyte is theoretically determined by its thermodynamic 

properties and could be verified by various electrochemical characterization methods like the 

cyclic voltammetry (CV) method. Within a given voltage range, a larger charging/discharging 

current for different electrolyte systems suggests higher instability within this voltage range. This 

stability window is also empirically determined by the energy difference between the lowest-

unoccupied molecular orbital (LUMO) and the highest-occupied molecular orbital (HOMO) of 

given electrolyte systems. Meanwhile, ideal passivation interphases between electrode and 

electrolyte, like the solid electrolyte interphase (SEI) and cathode electrolyte interphase (CEI) 

formed during formation processes or initial cycles, could enlarge this stability window, given 

their capabilities to transport Li+ and hinder the transport of electrons between electrolyte and 
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electrodes, thus prevents damaging side reactions and stabilize the liquid electrolyte at the 

electrolyte/electrode interphase [26,27].  

To realize the energy density of 180 Wh/Kg, thick electrodes are needed to compensate for 

the masses from inactive components (including alumina/copper current collectors, polymer 

separators, and external alumina pouch) thus cathode materials with high specific capacities are 

preferred as relatively thinner cathode coating will be utilized for given energy density. As shown 

in Figure 1.3, for the specific capacity of various cathode materials, they are well summarized by 

Wenhua Zuo et al. [28]. And layered oxide NMCs (NMC622, NMC811 here, with 

NMC111/NMC532 not included) dominate all these cathode materials due to their balance 

between various metrics (mass/volume specific capacity, safety, structural stability, cost, and 

technical maturity). For the leading LiNi1-x-yMnxCoyO2 (0<x, y<1) cathode materials, although 

Li1Ni0.8Mn0.1Co0.1O2 (NMC811) possesses a higher specific capacity and has been successfully 

commercialized, Li1Ni0.6Mn0.2Co0.2O2 (NMC622) is utilized in the whole study as NMC811 

commonly accompanies with Li+/Ni2+ mixing and the quality of NMC811 relies heavily on the 

providers. Graphite is chosen in this study for the anode materials due to its dominant role in the 

LIB industry.  

 

 

Figure 1.3. Specific/volumetric energy densities, costs for various cathode materials used for 

LIBs [28]. 
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1.2 Li+ transport within LIBs 

For Li+ transport behaviors within LIBs, at the cell scale (with the characteristic length of ~ 

10 cm in this study), as seen in Figure 1.4a, there is a Li+ concentration gradient from the cathode 

side to the anode to support the diffusion/migration from cathode to anode during the charging 

process. At the microscale (with the characterization length of ~10 μm, as shown in Figure 1.4b), 

from the core region to the outer shell of secondary cathode particles, Li+ concentration possesses 

a significant decreasing trend to support the Li+ diffusion/migration within cathode particles; at 

the anode side, Li+ concentration shows an increasing trend from the outer shell to core regions 

during their intercalation into the graphite anode; for the nonaqueous liquid electrolyte, the Li+ 

also exhibits this concentration gradient, from the cathode side to the anode side. Under larger 

currents of higher charging rates, higher concentration gradients within LIBs will form. These 

concentration gradients lead to larger overpotentials within electrodes and electrolytes. This will 

lead to a shorter charging time to reach the cutoff voltage and a more extended voltage holding 

time under the cutoff voltage [29]. During the voltage holding process, as the current is mainly 

from diffusion caused by the Li+ concentration gradient, it vanishes quickly. Thus, further voltage 

holding contributes no more capacity as no Li+ intercalation continues. Then, less capacity is 

obtained during this voltage holding stage than the constant current charging.  

For the Li+ diffusion within electrodes (NMC622 cathode and graphite anode) at the atomic 

scale (with the characteristic length of ~ 1nm), it generally diffuses via hopping through 

neighboring vacancy sites, and the diffusion rate is well described by the transition state theory 

shown in equation (1.2), where 𝛤  represents the diffusion rate, 𝜐∗  represents the effective 

vibrational frequency and ∆Ε𝐵 is the activation barrier needed to overcome during the diffusion 

process [30].  

𝛤 = 𝜐∗exp (−∆𝛦𝐵/𝑘𝑇)     (1.2) 

Given the layer structure of the NMC622 cathode, it consists of repeating layers of Li-O-

TM slabs, and each Li+ forms a LiO6 octahedron with neighboring oxygen anions, with the Li+ 

forming a rhombus within the Li layer. Considering the arrangement of neighboring Li vacancies 

around the hopping Li+, its diffusion consists of two hopping mechanisms: the diffusion via oxygen 

dumbbell hop (ODH) path and the tetrahedral site hop (TSH) path, as proposed by A. Van der Ven 

et.al [31]. As shown in Figure 1.4c, for the Li+ diffusion via ODH path, it occurs with infinite 
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dilution of the Li+ vacancy site (in the initial deintercalation process for LiTMO2), and the Li+ hops 

directly into the closest Li vacancies positions; for the TSH path, the Li+ diffuses into available 

divacancy site only when enough divacancies exist [32]. As the TSH path possesses a lower energy 

barrier ∆𝛦𝐵 than the ODH path, the Li+ within layered cathode is mainly diffusing via the TSH 

path for most of the Li deintercalation from cathode. Depending on the extent and detailed spatial 

distribution of Li+ within the Li layer, the Li+ diffusion is thus mainly determined by the following 

factors: the Li+ concentration within LixTMO2, the extent of Li/TM mixing, the distance between 

Li slabs and neighboring oxygen slabs, the TM species, and their valence states. Generally, the Li+ 

diffuses faster with less Li+ content within the layered cathode due to higher Li+ vacancies 

available for diffusion. Also, the Li+ diffuses relatively slower with more Li/TM mixing, as TM 

ions mixing into the Li layer shrink the TMO6 octahedra, given its small radius than Li+ and 

stronger attraction with neighboring oxygen ligands. This will also shorten the layer space. Besides, 

TM ions with a higher valence state than Li+ in the Li slab exert larger electrostatic repulsion than 

Li+. All these will lead to a higher energy barrier for Li+ hopping, hindering the Li+ diffusion 

within Li layers. Other factors affecting the Li+ diffusivity are mainly due to their effects on 

enhancing the energy barrier ∆𝛦𝐵 needed to overcome for the diffusion of Li+, for example, Co4+ 

has small radius than Co3+ and stronger attraction with oxygen ligands thus higher energy barrier 

for Li+ diffusion, thus leading to decreased Li+ diffusivity at a higher state of charge. Moreover, 

systematic studies on these factors can be found in Ceder’s publications [33]. Meanwhile, these 

characteristics of Li+ diffusion also result in the kinetic hindrance widely observed in layer oxide 

cathode materials [30]. 
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Figure 1.4. Li+ diffusion within LIBs, (a) schematic image of LIBs; (b) polarization during the 

charging process; (c) Li+ diffusion within layered oxide LiTMO2 [32], adapted with permission 

from Y.Wei et al.; (d) the solvation structure for Li+ within liquid electrolyte and accompanying 

energy barrier for the desolvation process [34], adapted with permission from S.S.Zhang, (e) Li+ 

diffusion within LiC6 phases [35], adapted with permission from Q. Liu et al.. 

 

For liquid electrolytes transporting the Li+ from cathode to anode, it typically consists of Li 

salts and organic solvents to dissociate Li salts into Li+ cation and anions. Organic solvents 

commonly used in LIBs are linear carbonates mixed with ethylene carbonate (EC), which 

functions irreplaceably in the formation of stable SEI layers on graphite anode and enhances Li+ 

transport properties [36,37]. The solvation structure formed is schematically shown in Figure 1.4d. 

The Li+ first forms an inner shell of prime solvation structure (with a strong attraction between Li+ 

and coordinated solvent molecules) and an outer shell of second solvation structure (loose 

interaction with neighboring solvent molecules) and experiences bulk migration/diffusion. At the 

electrolyte/SEI interphase, the Li+ overcomes a much higher energy barrier to get desolvated from 

the solvation shell. And then, the Li+ is transported through the SEI layer. For its transport through 

the SEI layers, the detailed diffusion mechanism is still unclear as it is pretty challenging to 
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implement experiments on the transport of Li+ through the very thin SEI layers of ~ 10 to 20 nm 

thick.  

When it comes to the Li+ diffusion within graphite anode, it generally diffuses within two 

adjacent graphene layers. As various graphite intercalated compound (GIC) phases (stage III, 

dilute stage II, stage II to the final stage I) form during the Li intercalation process, the Li+ 

diffusivity within GICs relies heavily on the exact phases formed and the extent of graphite 

intercalated. Generally, the diffusivity of Li+ follows a decreasing trend with higher Li+ 

concentration within each phase formed. Taking the detailed Li+ diffusion from LiC12-deficient to 

nominal LiC12 and LiC12-excess shown in Figure 1.4e, possible Li diffusion paths are well 

illustrated [35]. Various experiments also indicated that the Li+ diffusivity relies heavily on the 

microstructure and compositions of the graphite flakes.  

1.3 Aging of LIBs during cycling 

LIB is a complex system involving various physical/chemical side reactions during the 

charging/discharging process. It experiences aging with significant degradation of reversible 

capacity and rate/power performance. Typically, the degradation of LIBs can be divided into the 

capacity fade and the power fade: for the capacity fade, the capacity obtained from LIBs shows a 

significant decreasing trend during the long term cycling; for the power fade, the ratio available 

capacity of the total capacity that could be extracted under given charging/discharging rates also 

shows a decreasing trend. For the capacity fade, the irreversible loss of active Li+ within the 

cathode and loss of contact of electrode materials during the long term cycling leads to decreasing 

usable capacity. For the power fade, the increase of internal resistance, mainly due to SEI/CEI 

thickening and cracks formed within electrode particles, results in the degradation of 

rate/performance. 

Furthermore, comprehensive cell aging mechanisms are summarized in Figure 1.4, and 

more comprehensive reviews on cell aging mechanisms can be found in recent publications [38,39]. 

For these aging mechanisms, they include the inevitable loss of reversible Li+ from the cathode 

via Li plating or consumption of active Li+ at the SEI/CEI interphase, the loss of active electrode 

material via losing contact with the current collector, the formation of fresh surfaces caused by 

cracking of electrodes under repeated cycling, the increase of internal resistance due to 

thickness/composition evolution of SEI/CEI, and the aging of liquid electrolyte. These effects are 
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tightly coupled with each other: for example, the loss of reversible Li+ lead to thicker SEI/CEI 

layers, and thicker SEI/CEI layers suggest increased internal resistance, and this will contribute to 

more consumption of active Li+ from the cathode for the following cycling, thus accelerated aging 

of LIBs.   

 

 

Figure 1.5. Causes and their effects on the aging of LIBs [38], adapted with permission from X. 

Han et al.. 

 

The loss of active Li+ within cathode materials will permanently decrease the useable cell 

capacity. These active Li-ions are consumed in the formation of SEI/CEI interphases, leading to 

increased internal resistance and reduced power performance. Meanwhile, as electrode particles 

are typically enclosed by binder materials to form a network capable of both Li+ and electron 

conduction, due to mechanical failure caused by cracking during the long term cycling, some 

electrode particles lose contact with surrounding binders during repeated cycling and will not 

participate the redox reaction, thus forming “dead” materials [40].  

For liquid electrolytes within LIBs, as the electrochemical potential of graphite anode (0.05 

V vs. Li+/Li) lies out of the electrochemical stability window of liquid electrolyte (typically 

between 1.0-4.6 V vs. Li+/Li), liquid electrolyte then experiences reduction at the 

electrolyte/graphite interphase, and SEI layers will be formed on the surface of graphite flakes. 

Ideally, a well-formed SEI layer consisting of inorganic Li2CO3 and LiF will hinder electrolyte 
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reduction as it is supposed to transport Li+ only and will hinder the transport of electrons after 

initial formation cycles. Given the volume expansion/shrinkage of graphite anodes during cycling, 

the formed SEI layers get broken, and fresh SEI layers will form, with consumption of Li+ from 

the cathode and decreased capacity. Besides issues with the SEI layer, liquid electrolyte also 

suffers from various side reactions, including all of these lead to the aging of liquid electrolyte 

with significantly reduced transport properties (Li+ conductivity and transference number), which 

will trigger other failure mechanisms and accelerate the aging of LIBs [41]. Meanwhile, various 

additives contained in the electrolyte are also consumed, and benefits (improvement of stability) 

from these additives are also lost during long term cycling [42–44]. 

For CEI layers formed at the cathode side, it is well recognized as a more critical player in 

cell aging (especially for cathodes with high Nickel content within LiTMO2), mainly due to the 

surface reconstruction on the cathode and continuous oxidation of EC. Various studies have 

indicated that this faster resistance growth at the cathode side via electrochemical impedance 

spectroscopy (EIS). As irreversible loss of Li+ from LiTMO2 cathode occurs during the initial 

cycles for LIBs, the rocksalt NiO layer is thus reconstructed on the surface of LiTMO2 particles 

[45]. Although this NiO layer has been widely verified by TEM imaging of cycled cathode, debates 

still exist on how this NiO layer (with thickness ranging from ~ 10 to ~40 nm in various studies) 

leads to a significant increase of internal resistance, and systematic studies are still needed to solve 

this debate [46]. Meanwhile, as the CEI layer formed at the cathode surface is not capable of 

insulating the transport of electrons (NiO is a semiconductor, and it can also catalyze chemical 

reactions), continuous oxidation of EC via dehydrogenation also contributes to the growth of 

internal resistance. Recent studies verified this oxidation via various experiments and simulations: 

via systematic EIS measurements and voltage/time evolution of charge transfer resistance for a 

LiCoO2 cell, Ryoichi Tatara et al. proposed the growth of resistance to the dehydrogenation of EC 

[47]; this dehydrogenation was further supported by Livia Giordano via systematic density 

functional theory (DFT) simulation for EC with different layered oxide cathodes [48]; combining 

in situ Fourier transform infrared spectroscopy (FTIR) on the evolution of compositions of liquid 

electrolyte with EIS for a cell, Yirui Zhang et al. concluded that the growth of impedance was 

caused by EC dehydrogenated into oligomers [49].    

Also, complex electrochemechanics effects contribute a lot to cell aging. Due to the intrinsic 

layered structure of the LiTMO2 cathode, it experiences cyclic first-increase-then-decrease 
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evolution along its c axis. Thus, the cathode itself experiences cyclic volume expansion/shrinkage. 

This will indefinitely trigger the electrochemechanics and cell aging: for example, under the 

considerable volume shrinkage of prime NMC particles during the Li deintercalation (charging) 

process, some NMC particles lose contact with current collect/other NMC particles, new 

interphases will form, and the side reaction of EC oxidation is thus greatly enhanced, leading to 

faster impedance growth. Recent publications have well summarized studies on the interplay 

between electrochemechanics and cell aging of LIBs [50–53]. 

1.4 Challenges/solutions for fast charging of LIBs 

Major aspects of LIBs have been introduced, and systematic models for LIBs with 

dominating composite electrodes have been widely accepted, especially the Newman battery 

model. For the commonly utilized constant current constant voltage (CCCV) charging protocol, a 

larger charging current forms during the constant current (CC) stage compared to the current under 

the constant voltage (CV) stage. Thus, the CC stage is more efficient than the CV stage for the 

charging process. When the charging starts, overpotentials within electrodes and electrolytes are 

created, and the charged LIBs will first reach the cutoff voltage with the following voltage holding 

stage (CV stage). And this voltage holding stage ends once the total charging time (the CC stage 

plus the CV stage) reaches the set C rates. Under this CCCV charging protocol, the more 

significant polarization from higher C rates leads to a relatively shorter CC stage for LIBs before 

reaching the cutoff voltage. Thus fewer Li+ gets intercalated into the graphite anode, and less 

capacity is obtained during the charging process.  

Li plating, indicating the deposition of metal Li on graphite anode, not the intercalation of 

Li into graphite anode, is widely seen as the main issue with XFC. What is more, its occurrence 

could be well seen from the following equations. 

𝑉(𝑖) = 𝑉𝑜𝑐 − 𝑉𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛              (1.3) 

𝑖 = 𝑘𝑐1
0.5𝑐𝑠

0.5(𝑐𝑠,𝑚𝑎𝑥 − 𝑐𝑠) × 2sinh [
0.5𝐹

𝑅𝑇
(Φ𝑠 − Φ𝑙 − 𝑈)]  (1.4) 

𝑖𝑙 = −𝑘𝑙,𝑒𝑓𝑓
𝜕Φ𝑙

𝜕𝑥
+

2𝑘𝑙,𝑒𝑓𝑓∙𝑅𝑇

𝐹
 (1 +

𝜕ln𝑓

𝜕lnc𝑙
)(1 − 𝑡+)

𝜕lnc𝑙

𝜕𝑥
          (1.5) 

For equation (1.3), 𝑉𝑜𝑐  represents the voltage for the open circuit; it is intrinsically 

determined by the voltage difference between cathode and anode materials, as we have mentioned 
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before. For a given LIB system, it is replaced by the fixed cutoff voltage to obtain reliable 

performance during its long term cycling. The 𝑉𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 represents the overpotential needed for 

Li+ to diffuse between the electrode/electrolyte interphase, and it is typically described by the 

Butler-Volmer equation shown in equation (1.4). The 𝑉𝑜ℎ𝑚 is the voltage drop caused by Ohm 

resistance within LIBs, including effects from electron conductivity and Li+ conductivity. For 

𝑉𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, it includes the voltage drop within cathode/anode particles and liquid electrolyte: 

the voltage drop within cathode/graphite electrode could be simply described by Fick’s law (in 

fact, the diffusion of Li+ within graphite particles is more complex than its diffusion within 

cathode), and the voltage drop within liquid electrolyte is described by the concentrated solution 

theory, as shown in equation (1.5). 

So it is seen that, under higher charging rates, the corresponding large charging current leads 

to significant terms of 𝑉𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛, 𝑉𝑜ℎ𝑚, and 𝑉𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛. Meanwhile, the 𝑉𝑜𝑐 term is fixed, thus, 

the electrochemical potential at the graphite anode side gets closer to 0 under higher charging rates, 

leading to Li plating at the graphite anode.  

Once Li plating occurs, significant challenges are confronted: (1) Given the high reactivity 

of plated Li metal, various side reactions, including the reduction of organic solvents and 

thickening of SEI layers on graphite anode, will be triggered (as shown in Figure 1.5c), leading to 

the increase of internal resistance; (2) The plated Li forms so-called “dead lithium” as they seldom 

participate the electrochemical reaction and this leads to the irreversible loss of active Li+ from the 

cathode then permanent capacity degradation; (3) The possibility of plated Li penetrating through 

the polymer separator will cause the internal short to LIBs and cause serious safety issues. Thus, 

it is straightforward to conclude that the improvement of Li+ transport and prevention of Li plating 

are the key issues to realizing fast charging of LIBs.  
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Figure 1.6. (a) Li plating on graphite anode under XFC; (b) accelerated aging of LIBs after Li 

plating, (c) the possible reaction of Li metal with liquid electrolyte [41]; (d) factors affecting 

XFC for LIBs; (e) strategies probed by the community in improving XFC performance [54–57].  

 

To prevent/mitigate Li plating triggered by the polarization within LIBs under higher 

charging rates, intensive studies have been implemented by the community. As shown in Figure 

1.5d, factors affecting the cycling performance of LIBs under XFC are well summarized, and 

intensive studies have been investigated for all areas of LIBs involving Li+ transport:   

(1) The improvement of tortuosity of LIBs: the macroscopic diffusivity of Li+ within LIBs 

is highly related to its microstructural tortuosity. As a descriptor for the ratio of the total 

diffusion lengths of Li+ diffused to the Euclidean distance between two points, tortuosity 

is well recognized for its effect on the macro diffusivity and resistance, thus rate/power 

performance of LIBs, and it is straightforward to have low tortuosity to obtain good 

rate/power performance. Recent studies investigated the utilization of magnetic field, 

freeze casting, and laser drilling to achieve this goal: by applying an external magnetic 

field via Fe3O4 particles attached to graphite flakes in the coating process, Juliette Billaud 

et al. successfully reduced the tortuosity within a cell and greatly improved its rate 

(a) Reaction list:

2EC+2e-+2Li+ →(CH2OCO2Li)2+CH2=CH2

Trace 2H2O + 2e- + 2Li+ →2LiOH +H2

P + ne-+nLi+ → LiF + LixPFy
Doron Aurbach, 2002, Solid state Ionics

Li dendrite       Aging of LIBs

Increased impedance

SEI formation/growth

Kuan-Hung Chen, 2020, J. P. S

Xiaoguang Yang, 2020, Joule

Killian R. Tallman, 2019, 

Applied Materials & Interphase

Zhijia Du, 2019, 

J. Appl Electrochem

(b) (c)

(d)
(e)
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performance [58]; through directionally freeze coating graphite anode, Dingying Dang 

et al. reduced the tortuosity within graphite anode and achieved 60% higher capacity at 

1C than anodes manufactured from conventional tape-casting method [59]; what is more, 

via laser drilling of 3D patterned holes on graphite anode, Kuan-Hung Chen et al. 

realized a capacity retention of ~91% after 600 cycles under 4C (15 minutes) charging 

[54]. All these studies verify the effects of lowering tortuosity to the realization of fast 

charging.   

(2) The enhancement of Li+ transport properties from ion conductivity to Li+ transference 

number: as polarization from liquid electrolyte contributes a lot to the total overpotential, 

and it is straightforward to improve the transport properties of liquid electrolyte to 

mitigate its polarization under large currents. Various strategies have been taken to 

enhance these transport properties: Xiaoguang Yang et al. heated the cell to 60 °C during 

the ~ 10-minutes charging, and good capacity retention of ~91.7% was achieved even 

after 2500 cycles, due to the enhanced Li+ transport under this high temperature [55]; 

E.R. Logan et al. summarized other design strategies ranging from utilization of 

cosolvents with low viscosity, concentrated electrolyte, and Li salts with large 

polyanions [12]. 

(3) The improvement of SEI: besides improvement in the transport of Li+ within bulk 

electrodes and liquid electrolytes, Li plating caused by fast charging could also be 

mitigated via enhancement of the stability of SEI layers. Killian R. Tallman et al. 

mitigated Li plating by ~ 50% under 6C charging via magnetron sputtering of nanoscale 

layers of Cu and Ni on graphite anode [56]; Sewon Park et al. improved the capacity 

retention for a Li1Ni0.8Mn0.1Co0.1O2||Si cell under 3C charging by replacing conventional 

electrolyte additives with their newly developed electrolyte additives [60].     

(4) The utilization of electrodes with higher Li+ transport properties: besides the NMC622 

and graphite electrodes utilized in this study, electrodes with higher Li+ diffusivity will 

mitigate the overpotential within bulk electrodes and thus improve the rate performance 

of LIBs. For example, a recent study by Haodong Liu et al. on disordered rock salt 

Li3+xV2O5 anode exhibited its capability to deliver 40% capacity within 20 seconds [61].  

All these techniques indeed increase the performance of LIBs under fast charging, but they 

are still far away from mass application in the industry due to their intrinsic drawbacks (cost, 
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maturity of techniques, energy density), thus systematic investigation of both the fundamental 

mechanism of Li plating and more techniques to improve the rate/power performance of LIBs are 

urgently needed.  

1.5 Experimental methods utilized in the study 

In this study, pouch cells tested in this study were prepared, following the typical cell 

preparation procedures shown in Figure 1.6. Besides, various characterization methods were 

utilized for the study of fast charging for LIBs. Besides commonly used electrochemistry 

characterization methods (rate performance, long term cycling performance, EIS and so on), the 

following characterization techniques range from valence state of various elements (Ni, Co, Mn), 

evolution of interphases (SEI and CEI) to crystal structure of electrodes to have been taken: 

(1) X-Ray absorbance spectroscopy (XAS): As a powerful tool in studying the valence state 

of elements, its working principle is relatively mature, and samples prepared in the study 

follow typical procedures. For LIBs experiencing fast charging, as irreversible loss of 

Li+ within cathode material occurs, it is of great necessity to investigate how the valance 

of TM elements would evolve during this process, given their central role in the redox 

actions.  

(2) X-ray photoemission spectroscopy (XPS): XPS is a mature tool for probing both the 

valence state and detailed compositions for chemicals, and the fundamental principles of 

XPS are well summarized in these studies [62,63]. For LIBs, XPS is commonly utilized 

in probing elements within the SEI/CEI layers [64]. As the interfacial stability of 

cosolvents utilized in this study is unknown, it is necessary to utilize this method to verify 

their chemical stability with NMC622 and a graphite anode. 

(3) X-Ray/Neutron powder diffraction and Rietveld refinement: for LIBs, powder 

diffraction is the standard method for the characterization of the crystal structure of 

electrodes. In this study, the structural evolution of both NMC622 cathode and graphite 

anode was studied via this technique. Furthermore, to better understand the phase 

transition for LiC12 to LiC6 during the Li intercalation process, sequential Rietveld 

refinement was implemented for a customized NMC622||graphite cylindrical cell. From 

the time evolution of collected diffraction data, each phase's phase fraction (weight ratio) 

could be well obtained quantitatively.   
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(4) Inductively coupled plasma-optical emission spectrometry (ICP-OES): Due to the 

moisture within liquid electrolytes, Li salts suffer from continuous consumption within 

LIBs. To quantitively probe how Li salts evolve under various charging rates, extracted 

electrolytes were analyzed via ICP-OES. Procedures for the experiment and following 

data analysis all follow the general steps implemented in a typical ICP-OES experiment. 

(5) Gas chromatography-mass spectrometry (GC-MS): Compared to charging under 

relatively small charging rates, XFC utilizes a larger charging current, thus large current 

from electron moving occurs at the electrode/electrolyte interphase, leading to more 

severe side reactions (thus faster aging) for solvents within liquid electrolytes. As a 

mature technique commonly utilized by the community, in this study, GC-MS was 

utilized for the investigation of how Li salts and organic solvents evolve under long term 

cycling. And cycled electrolytes were extracted from pouch cells, and its compositions 

were then analyzed using GC-MS, following the procedures from Jeff Dahn’s group 

[65,66].  

 

 

Figure 1.7. The procedures for the preparation of pouch cells tested in the study 



 

31 

 

1.6 Thesis outline 

For our study, the main goal is to realize XFC for LIBs with areal loading ≥ 3 mA/cm2 while 

maintaining capacity ≥ 80% after 500 cycles. Thus, chapter 2 systematically probes the effects of 

increasing charging rates (from 1C, 4C to 6C charging) on the whole LIB system, from the crystal 

structure of both NMC622 cathode, and graphite anode to cycled liquid electrolyte. Then, in 

chapter 3, via operando neutron powder diffraction (NPD) experiment on a home-made 

NMC622||graphite cylindrical cell, the structural evolution of NMC622 cathode (lattice parameters 

a and c with Li contents within NMC622) and phase transition of lithiated graphite under 

increasing charging rates were studied systematically. In chapter 4, various cosolvents, ranging 

from dimethyl carbonate (DMC), ethyl acetate (EA), and methyl acetate (MA) to ethyl formate 

(EF), were systematically tested for their effects on the whole LIBs system under extreme fast 

charging: from rate/long term cycling performance. 
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2. EFFECTS OF CHARGING RATES ON LINI0.6MN0.2CO0.2O2 

(NMC622)/GRAPHITE LI-ION CELLS 

This chapter is from the following publication: Wu, Xianyang, et al. "Effects of charging rates on 

LiNi0.6Mn0.2Co0.2O2 (NMC622)/graphite Li-ion cells." Journal of Energy Chemistry 56 (2021): 

121-126. 

 

Contributions 
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Zhenglong Li: Data analysis and editing of original draft. 

Jue Liu: Implementation of NPD experiment, data analysis, editing of original draft. 

Kejie Zhao: Conception and design of experiment, reviewing, and editing of original draft. 

Zhijia Du: Conception and design of experiment, reviewing, and editing of original draft. 

2.1 Introduction 

The development of Li-ion cells with fast-charging capability is critical to further progress 

the widespread of electric vehicles [67]. The charging of an electric vehicle should ideally cost a 

similar amount of time compared to refueling a gasoline engine vehicle, which is 15 minutes or 

less. High-power Li-ion cells with thin electrodes are capable of recharging in short time (10~15 

minutes). However, these cells have lower energy density and would lead to higher cell cost 

compared to state-of-the-art high energy density cells. A calculation by Ahmed et al. found a 10 

minutes fast charging cell design with 19 µm thick anode increase the cell cost sharply to 

$ 196/kWh, compared to $107/kWh with 87 µm thick anode capable of 47 minute charging [68]. 

In the high energy density Li-ion cells, fast charging can adversely lead to degradation in battery 

safety, energy density and cycle life. 

Li plating has been identified as one of the most critical issues affecting battery performance 

[68–73]. It occurs on the surface of the graphite electrode when large overpotentials in a cell 

decrease the local potential to below 0 V (vs. Li+/Li) [74–76]. Gallagher et al. have systematically 

studied the effect of electrode loading (thickness) and charging rate on Li plating [77]. It was found 

a relatively moderate charging rate of 1.5 C (40 minutes charging) can have significant impact on 
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Li-ion cells with 3.3 mAh/cm2 loading, leading to capacity decrease and metallic Li deposition. Li 

plating can result in irreversible capacity loss due to the removal of active Li inventory in the cell 

[78]. Fully discharging of the cells with Li plating even at a low rate did not strip the deposited Li 

back to the positive electrode [77]. Another issue with Li plating is its high tendency to form 

dendrites with high surface area, which increase the parasitic reactions with electrolyte, forming 

isolated (dead) lithium, and thus reducing the Coulombic efficiency [79–81]. Li dendrite would 

also short the cell, cause catastrophic failure of the battery, and even inducing fatal safety hazards 

[82–85]. 

Fast charging can also lead to rapid temperature rise from the high heat generation rate due 

to the large current applied to the cell. With embedded thermal couple in a 2-Ah pouch cell, Huang 

et al. observed the temperature of the cell rose from room temperature (23 °C) to 38 °C under 5C 

charging rate and 45 °C under 7C within 5 minutes [86]. This increased temperature can result in 

a decrease of the cell resistance to improve kinetics. Yang et al. have shown the cell performance 

during fast charging can be improved by intentionally heat the cell by internal heaters [87]. 

However, performance degradation can be aggravated by exposing the cell to elevated operation 

temperature. This is because parasitic reactions, like SEI growth, are intensified with increased 

temperatures [78]. Increase in the temperature can also worsen other unwanted reactions such as 

transition metal dissolution and binder decomposition [88,89]. 

In the present study, we study the effects of fast charging (+1C, +4C and +6C) on the 

capacity fading, electrode microstructural changes and electrolyte changes in LiNi0.6Mn0.2Co0.2O2 

(NMC622) /graphite pouch cells. A detailed post-mortem analysis is performed to study the aging 

under different fast charging rates via electrochemical testing, neutron powder diffraction, 

inductively coupled plasma atomic emission spectroscopy (ICP-OES), gas chromatography–mass 

spectrometry (GC-MS), etc. 

2.2 Experiments 

Electrodes and pouch cells with capacity of 400 mAh were prepared in a dry room (dew 

point < -50 °C) at the DOE Battery Manufacturing R&D Facility (BMF) at Oak Ridge National 

Laboratory (ORNL). The cathode was NMC622 (Targray) electrodes with 2.3 mAh/cm2 areal 

capacity loading and calendered to 30% porosity. The anode was graphite (Superior Graphite 

1520T) electrodes with 2.6 mAh/cm2 areal loading and calendered to 30% porosity. The electrolyte 
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filled into the pouch cell was 1.2 M LiPF6 in ethylene carbonate (EC): ethyl methyl carbonate 

(EMC) 3:7 by weight (soulbrain MI).  

The cell cycling was carried out on a battery cycler, Maccor Series 4000, in an environmental 

chamber at 30 °C. The cells were cycled between 2.8 and 4.2 V with a constant voltage holding at 

4.2 V (trickle charging). A total time limit was imposed to guarantee that the duration of the 

charging step did not exceed the intended time for each C rate (10 minutes for 6C charging, 15 

minutes for 4C, and 1 hour for 1C charging). Half coin cells were built to test the Li inventory loss 

in cathodes. Both NMC622 cathode and graphite anode electrodes were punched from aged 

NMC622 pouch cells after disassembling in the Ar-filled glove box. The electrodes were then 

assembled into Li coin cells with Li metal as the counter electrodes. The electrolyte was fresh 

electrolyte, and the half coin cells were charged and discharged at a constant rate of C/10 between 

2.5 V and 4.2 V. 

NMC and graphite powder samples were collected from the electrodes after discharging the 

cell to 2.0 V and disassembled in Ar-filled glove box. Room temperature neutron total scattering 

data were collected at the NOMAD beamline at the Spallation Neutron Source (SNS) at ORNL 

[90]. About 3.0 g powder sample was loaded into a 3 mm quartz capillary. The detectors were 

calibrated using scattering from a diamond powder standard prior to the measurements. The 

average structure refinements using neutron diffraction data were carried out in TOPAS Academic, 

version 6 [91]. 

The gas generation during fast charging cycles was studied by using Archimedes principle, 

similar to previous report [92]. The cells were hung below an analytical balance and suspended in 

silicone mechanical pump oil at room temperature. The test was carried out after 50 cycles and 

200 cycles. 

The electrolyte after long-term cycling was analyzed by ICP-OES following a similar 

procedure reported by Thompson et al. [93]. The pouch cells after cycling were cut open in the dry 

room and sealed in centrifuge tube, then they were centrifuged under 2000 rpm for 20 minutes to 

extract cycled electrolyte. The extracted liquid electrolyte (~ 0.10 g) was first diluted with ~ 20 

grams of 2 wt% HNO3 with ~ 0.2 g CH2Cl2 added for organic separation. The 1st diluted solution 

was then centrifuged under 2000 rpm for 30 minutes for fully extraction of Li+ into the aqueous 

HNO3 and phase separation. Then ~ 1 g of 1st diluted solution from the top layer was added into ~ 
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10 g 2% HNO3 and shaken for 15 minutes. The 2nd diluted solution was then analyzed using 

Agilent Technologies 5110 ICP-OES to obtain the different elemental concentrations. 

GC-MS was used to analyze the composition changes in the electrolyte solvents after long 

term fast charging cycles. One drop of the recovered electrolyte from cycled pouch cell was diluted 

in polytetrafluoroethylene vials with ~15 mL of CH2Cl2 and ~0.1 mL deionized water for the 

complete extraction of Li salts [65,93]. The vial was machine-shaken for 30 minutes in two 

directions and centrifuged for 30 minutes under 2000 rpm for complete separation.  The organic 

layer (electrolyte solvents in CH2Cl2) was removed by diluting into CH2Cl2 again, followed by 

another machine-shaken of 15 minutes. The organic layer was then analyzed by an Agilent 6850 

GC−MS system. The GC inlet temperature is 250 °C with a split ratio of 1:10. Carrier gas was 

helium at a linear velocity of 1.5 mL/min. The column temperature started at 40 °C and ramped 

up to 250 °C at a heating rate of 8 °C/minute. The interface and ion source temperature for MS 

were 250 and 200 °C, respectively. The morphology of the electrode was characterized by a 

scanning electron microscope (SEM, Carl Zeiss Merlin). 

2.3 Results and Discussion 

Figure 2.1a shows the cycling performance of the NMC622/graphite pouch cell under 

different charging rates of 1C, 4C and 6C. The capacity shown on the Y-axis is based on the mass 

of the cathode materials NMC622. The capacity retentions after 200 cycles (compared the 1st cycle) 

are 94.0%, 89.4% and 73.8% under 1C, 4C and 6C charging rate, respectively. Figure 2.1b shows 

the voltage curves of cells at the 1st, 50th and 200th cycles under different charging rates. During 

the 1st cycle, the capacities of the cell (corresponding to the mass of NMC622) are 164, 152 and 

143 mAh/g under 1C, 4C and 6C charging rates, respectively. Huge polarization is observed with 

increasing the charge current from 1C to 6C. The capacity decreases under increasing charging 

current are due to the mass transport limitation in electrolyte and/or sluggish diffusion kinetics in 

graphite [77,94,95].  
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Figure 2.1. electrochemical performance of NMC622/graphite pouch cell under different 

charging rates. (a) cycling performance; (b) voltage curves at 1st, 50th and 200th cycle; (c) 

capacity from constant current charging and capacity from constant voltage charging at 1st, 50th 

and 200th cycle. 

 

Figure 2.1c shows the capacities of the cells obtained within the specified time (60 minutes 

for 1C, 15 minutes for 4C and 10 minutes for 6C) from the 1st, 50th and 200th cycles. The capacities 

consist of capacity from the constant current (capacity-CC) charging and that from the constant 

voltage (capacity-CV) charging. The portion of capacity-CV in total capacity increases 

significantly with the increase of charging current. It also increases with the cycling number, 

indicating continuous aging and increasing polarization in the cell. Under 6C charging after 200 

cycles, more than 50% of the total capacity is from capacity-CV. This high voltage operation has 

been reported to cause more degradation in Li-ion cells [96,97]. 

Figure 2.2a shows the bank 4 neutron diffraction patterns of the cathode at fully discharged 

states after 200 cycles under different charging rates. In general, the layered structure of the NMC 

materials is well maintained when fitted with the R3̅m [166] space group. However, peak shifting 

and intensity changes can still be noticed. For example, Figure 2.2b shows the local magnification 

(a) 
(b) 

(c) 
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of (108) and (110) peaks which are directly related to the a and c value of the unit cell. The shifting 

of (108) to lower d spacing while (110) shifting to higher d spacing with increasing charging rates 

indicates the increase of c and decrease of a. This is also shown in Figure 2.2c of the unit cell 

parameters derived from the refinement of neutron diffraction data. The structural expansion along 

c direction indicates the loss of Li ions in the lithium slabs which increases the repulsive force 

between adjacent oxygen slabs. The increase of c with the increase of charging rates indicates less 

Li ion inventory available for faster charging after long-term cycles. Bond length information is 

shown in Figure 2.2d, and the absolute values of the bond lengths reveal only slight changes from 

pristine state to fully discharged states after repeated cycling. However, the trend in changes can 

be explained by the loss of Li inventory in the Li ion slab, and these changes demonstrate the fast 

charging at 6C rate leads to the most Li loss after cycling.  Figure S1 shows the neutron powder 

diffraction of graphite after 200 cycles. The diffraction patterns are the same as pristine graphite 

and can be indexed to space group P63/mmc. This demonstrates electrode structural changes 

mainly occurs in the cathode materials during cell aging, which is consistent with previous reports 

[98,99]. 
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Figure 2.2. (a) Neutron power diffraction and the Rietveld refinement fitting to the curves. (b) 

Diffraction patterns showing the shifting of (108) and (110) peaks. (c) Lattice parameters of a 

and c from the Rietveld refinement. (d) Ni-O, Li-O, O-O intra layer, and O-O interlayer bond 

lengths. 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 2.3. Voltage curves of Li coin cells assembled with NMC622 cathode after 200 cycles 

under +1C/-1C, +4C/-1C and +6C/-1C charge/discharge rates. The material was delithiated first 

and then lithiated at a constant rate of C/10 between 2.5 and 4.2 V. 

 

To confirm the Li inventory loss after long-term cycling and evaluate the reversibility of the 

cathode structures, coin cells were made from the aged NMC622 cathodes with fresh Li counter 

electrodes and electrolyte as shown in Figure 2.3. The cells were charged and then discharged to 

assess the Li inventory left in the structure and Li ions that can be intercalated back. The 1st charge 

capacities of the cells are 161, 156, and 115 mAh/g for 1C, 4C and 6C, respectively. This is in 

accordance with the neutron diffraction result that higher charging rate leads to more Li inventory 

loss during cycling. However, all the three cells show similar discharge capacity of 171-175 mAh/g, 

indicating the reversibility of the cathode structure for Li intercalation/de-intercalation is not 

affected by fast charging. Figure S2 shows the voltage curves of the aged graphite electrodes in 

reassembled Li coin cells, which overlaps well with each other regardless of the charging rates 

during pouch cell aging. This indicates the graphite electrode has good structural integrity without 

exfoliation or disordering from rapid lithium intercalation during fast charging. 
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Figure 2.4. Comparison of the gas volume measured by Archimedes' principle under different 

charging rates. The pouch cells have an initial cell volume of ~4.0 mL. 

 

Figure 2.4 shows the gas production of the cells after 50th and 200th cycles under different 

charging rates. Gas generation during cell aging is mainly from the decomposition of the 

electrolyte at the electrode/electrolyte interfaces [100–102]. A general trend in Figure 2.4 is that 

the gas production increases with the increase of charging rate. The cell under +6C/-1C 

charge/discharge rate shows more gas production after 50 cycles than after 200 cycles. We believe 

this phenomenon can be explained by the cathode-anode cross-talk during cell aging. The gas 

generated from one electrode can migrate to the other electrode, and the gas generated in initial 

cycles can be gradually consumed in the following cycles, either electrochemically or chemically 

[103–105]. In this study, the scale of the gas production is relatively small (0.02-0.12 mL) 

compared to the total cell volume of ~4.0 mL. This is also the case in previous report when cells 

were cycled at a moderate rate (C/3) [93]. Therefore, gas production in the cells is not considered 

as an issue for fast charging of the cells within normal voltage range (2.8-4.2 V).  

Figure 2.5 shows Li ion molarity in electrolytes from ICP-OES measurement after 200 

cycles under different charging rates. The molarity is slightly increased in all three cases, which 

contrasts with the report by Thompson et al. which shows a slight decrease in molarity for cells 

cycled at a moderate rate of C/3 [93]. This suggests that the solvent has been consumed at a slightly 

higher rate compared to Li ions in the cells. Nonetheless, the relative change of the Li molarity is 

small (within 8%). Transition metal ion concentration was also measured in the ICP-OES test, all 
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the three elements (Ni, Co and Mn) were below 10 ppm or detection limits. Therefore, fast 

charging has no impact on the transition metal ion dissolution from the crystal structure. 

 

  

Figure 2.5. Changes in Li ion molarity in the electrolyte after 200 cycles under different charging 

rates. 

 

 

Figure 2.6. Chromatogram of (a) pristine electrolyte, (b) electrolyte after 200 +1C/-1C cycles, (c) 

electrolyte after 200 +4C/-1C cycles, (d) electrolyte after 200 +6C/-1C cycles. 
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Figure 2.6 shows the corresponding chromatograms of different electrolyte samples 

analyzed by GC-MS. The carrying solvent, dichloromethane, has a huge peak at a retention time 

of 10.65 minutes, and was not included in this figure for better clarity on the carbonate solvents in 

Li-ion electrolyte. In conjunction with MS analysis (Figure S3) on the retention peaks, the 

following peaks are assigned to dimethyl carbonate (DMC), EMC, diethyl carbonate (DEC) and 

EC at 12.80, 14.75, 16.80, and 20.20 minutes, respectively. In the pristine electrolyte sample, only 

EMC and EC are presented in Figure 2.6a, in consistent with its constituents. However, DMC and 

DEC are generated via the transesterification of EMC after repeated cycles in all cases under 

different charging rate. The presence of Li-alkoxides, one of the reduction products from EMC on 

anode/electrolyte interface, is speculated to facilitate the transesterification reaction as firstly 

reported by Yoshida et al. [106]. This transesterification has been extensively reported in cells 

with slow and/or moderate charging rates [65,93,107]. Although the GC-MS method used in this 

study is semiquantitative, the tentative conclusion is that transesterification decrease with the 

increase of charging rate. This agrees with previous report that electrolyte reduction (SEI growth) 

follows a parabolic growth law, which means time [78], not cycle count, dominates the parasitic 

reaction. With cycling counts the same, faster charging rate has less time in total, which, in turn, 

leads to less transesterification in the electrolyte. 
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Figure 2.7. (a) SEM image of the NMC622 electrode after 200 +6C/-1C cycles. Digital photos of 

the graphite electrodes after 200 cycles under (b) +1C/-1C, (c) +4C/-1C, and (d) +6C/-1C, 

respectively. 

 

Figure 2.7a shows the morphology of the NMC622 cathode after 200 +6C/-1C cycles. 

NMC622 secondary particles dispersed well in the carbon black matrix with good structural 

integrity. This SEM image has little difference from the electrodes after 200 cycles under +1C/-

1C or +4C/-1C rates (Figure S4). As discussed above, the capacity loss is mainly from the Li 

inventory loss in the layered crystal structures, not from loss of active material. Figure 2.7b, c and 

d show the digital photos of the graphite electrodes after 200 cycles under +1C/-1C, +4C/-1C and 

+6C/-1C, respectively. The cells were disassembled at fully discharged state and was kept inside 

the Ar-filled glove box. The surface color changed from the grey of graphite for +1C/-1C to pale 

white for +6C/-1C, with the +4C/-1C in-between. This is in consistent with the cycling 

performance in Figure 2.1. With the increase of charging rate, more capacity fading is observed 

due to Li ion mass transport limitation [57,77,94]. Metallic Li plating leads to more parasitic 

reaction due to its high reactivity and “dead” lithium from electrical disconnection to graphite 

electrode. This also explains the Li inventory loss in the cathode in Figure 2.2, which converted 

into the Li plating in high charging rate cells. 

(a) (b) 

(c) (d) 
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2.4 Conclusions 

Pouch cells with a moderate loading of 2.3 mAh/cm2 were tested under different charging 

rates at 1C, 4C and 6C to evaluate its fast charging capabilities. Rapid capacity deterioration was 

observed for extreme fast charging (6C) cells with only 73.8% capacity retention after 200 cycles 

compared to 94.0% and 89.4% for 1C and 4C, respectively. An increasing portion of capacity for 

6C was obtained from the high voltage (4.2V) trickle charging. Post-mortem analysis on the 

cathode materials indicated Li inventory loss from the Li slab in the layered structure with a 

shrinkage of a and expansion of c. Li coin cell test using the aged NMC622 electrodes confirmed 

the Li loss. However, the cathode structure was not compromised as Li can be reversibly 

intercalated/de-intercalated in the structure once the Li inventory was replenished. The electrolyte 

in the aged cells showed a slight increase of Li molarity, indicating a higher consuming rate of 

solvent compared to Li salt in the electrolyte. GC-MS analysis on the electrolyte solvents observed 

less transesterification when higher charging rate was applied, which was attributed to the less 

charge time for higher charging rate. Metallic Li plating was severer at higher charging rate, which 

accounted for the Li inventory loss in the cell. These findings deepen the understanding on cell 

aging mechanism when fast charging was applied and can be used as benchmarks for future 

improvement studies.  
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3. STRUCTURAL EVOLUTION AND TRANSITION DYNAMICS IN 

LITHIUM ION BATTERY UNDER FAST CHARGING: AN OPERANDO 

NEUTRON DIFFRACTION INVESTIGATION 

This chapter is from the following publication: Wu, Xianyang, et al. "Structural Evolution and 

Transition Dynamics in Lithium Ion Battery under Fast Charging: An Operando Neutron 

Diffraction Investigation." Advanced Science 8.21 (2021): 2102318. 
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3.1 Introduction 

Since its first commercialization by Sony in 1991, Li-ion batteries (LIBs) have dominated 

the portable electronic markets during the past 30 years [108]. These days, the huge demand from 

electrical vehicles (EVs) market challenges the state-of-the-art LIB technologies for higher energy 

density and shorter charging time to less than 15 minutes [10], to ease the range anxiety and 

promote the adoption of LIBs in EV markets. Utilization of realistic loading electrodes (3-4 

mAh/cm2) has been well proven as an effective way of increasing the cell energy density [77,94]. 

However, the caveat is that thicker electrodes prevent the cell from fast charging, which can lead 

to unwanted Li plating and eventual cell failure [109–111]. It is generally recognized that the 

limiting factor of fast charging is the limited transport property of Li+ in electrolytes and/or 

graphite anode. Under fast charging (high C rate) conditions, Li+ concentration gradient builds up 

in both the electrolyte and graphite, leading to insufficient lithiation of graphite and Li plating on 

graphite electrode. Several approaches have been reported to improve the fast charging 

performance of LIBs via improving  Li+ mass transport at the graphite electrode side, including 
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advanced electrolyte formulation, asymmetric temperature modulation, and laser-patterned 

electrode architectures [112–114]. Anode overpotential control via interfacial modification has 

also been reported to suppress Li plating during fast charging [56]. While these studies shed light 

on improvements of fast charging, the structural evolution of electrode materials (both the layered 

cathode and anode materials) during fast charging has not been systematically studied. Further 

investigation, especially under operando conditions, is highly needed. 

For fast charging of LIBs, as the challenge comes mainly from the Li+ diffusion/intercalation 

at the graphite anode side in a nonequilibrium fashion, the intercalation of Li+ into graphite via 

staging has been intensively investigated [115]. From the domain model proposed by Daumas and 

Herald to the Cahn-Hilliard type phase-field model, they provide solid mechanistic understanding 

and explanation of the staging transition during lithium intercalation [116–118]. Valuable insights 

on the staging process have been elaborated from various characterization methods. 

Electrochemical methods (EIS, PITT, and GITT) were reported to obtain valuable information on 

the kinetic behaviors of the Li intercalation [119–124]. Semi-quantitative studies on the Li+ 

transport within graphite were reported by observing the color changes for lithiated graphite at 

different state of charges via optical imaging [125–129]. The qualitative structural evolutions and 

stagings during intercalation were also widely probed via in-situ/ex-situ Raman spectra [130–138]; 

other experimental methods such as NMR, in situ X-ray/synchrotron and neutron powder 

diffraction (NPD) also provide insightful qualitative information on the Li+ intercalation [139–

142]. However, detailed quantitative information about the structural evolution of graphite staging 

phases, especially under fast charging conditions, is still lacking. 

X-ray and neutron powder diffraction techniques have been well developed due to their 

unique capability on structural characterization [143–148]. For applications of in situ/operando X-

ray powder diffraction on LIBs under fast charging, encouraging progresses have been made 

recently from two groups via high speed synchrotron diffraction with spatial resolution at micron 

scale on thick graphite anodes. Koffi P. C. Yao et al. quantified the Li+ concentration gradient and 

staging kinetics within a 114 μm thick graphite anode under up to 1 C charging [149]. Donal P. 

Finegan et al. obtained temporal and spatial distribution of graphite intercalation compounds (GICs) 

and plated Li metal for a 101 μm thick graphite anode under up to 6 C charging [150]. Then they 

quantitatively analyzed the kinetics of phase transition and the heterogeneities of Li plating. For 

NPD techniques, in situ NPD has been applied to the study of LIBs ever since early 2000 [151–
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154]. Compared to the widely used synchrotron X-ray diffraction techniques for the structural 

characterization of LIBs, NPD has the following unique advantages: (1) strong penetration and no 

heating effect; the heating effect from high energy photons often leads to inhomogeneous or 

delayed electrochemical reactions within LIBs, despite improved signal-to-noise ratio as a result 

of the very high flux photons; (2) neutron scattering lengths are constant as a function of 

momentum transfer (Q), which helps to better quantify the site occupancies and atomic 

displacements; (3) NPD can detect light elements in the electrode materials, especially carbon and 

oxygen, which play a pivotal role in the structural evolution for LiNi1-x-yMnxCoyO2 (NMC) cathode 

materials and graphite anodes; (4) NPD can distinguish adjacent transition metal ions such as Ni, 

Co, and Mn, which is an otherwise challenging task to cope with when using conventional X-ray 

diffraction [155–158]. Despite these great advantages, the broad application of NPD has been 

hindered by the relatively lower neutron flux and the larger amount of materials needed. Also, it 

suffers from large incoherent scattering from hydrogen-rich organic electrolyte, and scarce neutron 

beam time [144].  

Despite the above challenges, steady progress has been made in improving the capability of 

in situ/operando neutron diffraction in the past decade. For instance, Neeraj Sharma et al. 

investigated the phase transition of LixC6 via operando NPD study by overcharging a commercial 

18650 cell to ~ 4.6 V [159]. Lucien Boulet-Roblin et al. studied a LiNi0.5Mn1.5O4 (LNMO) || 

graphite cylindrical cell filled with deuterated electrolyte, and they were able to reveal the 

evolution of lattice parameters of both the LNMO and graphite phases [147]. Laura Vitoux et al. 

designed a LiNi0.6Mn0.2Co0.2O2 (NMC622) || Li cylindrical cell with the capability of repeated 

cycling up to 60 cycles, and the signal-to-noise ratio was good enough to extract the structure 

information of NMC622 [160]. Jörn Wilhelm et al. probed the low temperature operation of a 

pouch cell under various discharging rates and following relaxation via in situ NPD, and by 

studying the co-existence of LiC12 and LiC18 phases, they elaborated the inhomogeneous lithiation 

within the graphite anode at low temperature [161]. Yet, collecting structural refinable operando 

neutron diffraction data under fast charging conditions is still extremely challenging, in large part 

due to the relatively long data acquisition time required at many neutron powder diffractometers 

[162,163]. Recently, we successfully commissioned the operando neutron diffraction study of 

batteries at the Spallation Neutron Source (SNS)’s NOMAD beamline. The high incident neutron 

flux together with very large detector coverage at NOMAD enables the very fast collection (< 1 
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min/pattern) of high quality operando neutron diffraction data from the newly designed cylindrical 

cell. This inspires us to carry out a systematic investigation of the structural evolution of NMC622 

and graphite electrodes during fast charging.  

All the information obtained (lattice structure, phase ratio and their time evolution) is vitally 

important for advancing the fast charging technologies of LIBs. Thus, the operando neutron 

diffraction capability developed by our group offers a unique opportunity to address those 

aforementioned issues/challenges. In this study, a customized cylindrical cell of NMC622 || 

graphite was used for fast operando neutron diffraction under various charging rates from 0.27 C 

to 4.4 C. Structural changes in both NMC622 and graphite are obtained and analyzed using 

sequential Rietveld refinements. The phase transition from stage II (LiC12) to stage I (LiC6) is 

demonstrated to be the rate-limiting step during Li intercalation into graphite under fast charging 

conditions. The dynamics of LiC12 → LiC6 transition is further investigated via the classical 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, which is found to follow a one-dimension 

diffusion-controlled growth mechanism. These findings provide fundamental insights for further 

optimizing graphite-based anode for fast charging Li-ion batteries.  
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Figure 3.1. Experimental set-up for the operando neutron diffraction experiments: (a) schematic 

illustration of the cylindrical cell; (b) a typical cylindrical cell utilized in the operando 

experiment; (c) Rietveld refinement on collected NPD data. 

3.2 Results and discussion 

The NMC622 || graphite cylindrical cell was prepared at the DOE Battery Manufacturing 

R&D Facility (BMF) at Oak Ridge National Laboratory. The NMC622 electrode consisted of 3 

wt % carbon black (Denka Li-100), 3 wt % polyvinylidene fluoride (PVDF, Solvay 5130), and 94 

wt % NMC622 (Targray). The areal capacity was 2.78 mAh/cm2 with 30% porosity after 

calendaring. The thickness of NMC622 cathode and graphite anode was 57 μm and 59 μm, 

respectively. The graphite electrode consisted of 5 wt% of PVDF (KUREHA KF9300), 1 wt% of 

carbon black (Denka Li-100), and 94 wt% of graphite (Superior graphite, 1506T). The 

negative/positive (N/P) ratio was set at 1.1. The jelly roll was prepared by sandwiching the cathode 
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and anode with the separator (Celgard 2325). A thin-walled quartz tube was used to contain the 

jelly roll, which was filled with nonaqueous electrolyte (BASF, 1.2 M/L LiPF6 EC/EMC with 

30:70 wt%). The design for a typical cylindrical cell was schematically illustrated in Figure 3.1a 

and the cell prepared for this work was shown in Figure 3.1b. The cell was cycled between 2.8 

and 4.2 V vs Li+/Li using a VMP-300 potentiostat (Biologic) with constant current constant 

voltage (CCCV) charging protocol from low to high charging rates: 0.27 C, 1.6 C, 2.4 C, 3.2 C, 

and 4.4 C. The detailed charging/discharging curves were shown in Figure S5 and S6. 

The operando NPD experiments were carried out at the SNS’s NOMAD beamline, and the 

cell was charged/discharged at 20 °C. The NPD data was collected in operando mode (no 

relaxation period). Due to the relatively lower (neutron) flux at NOMAD (which is already one of 

the highest fluxed neutron diffractometers worldwide) compared to the synchrotron X-ray 

diffractometers, the required data collection time in this operando study is relatively longer than 

that using synchrotron X-ray diffraction (seconds or less). To achieve good signal-to-noise ratio 

of operando diffraction data that allows accurate structure refinements, a minimum of ~1 min data 

collection time is needed, thus the data collection time was set as 62 seconds for the operando 

experiments. 

The extracted information on staging kinetics is spatial averaged, due to the relatively large 

neutron beam size (~ 1  1 cm2) and strong penetration of neutron beam. Therefore, information 

on spatial distribution of various GIC phases are lost. In addition, the spatial and temporal 

distributions of Li+ within electrodes keep evolving during the data collection, and the Bragg peaks 

(intensity and peak position) from each phase keep changing due to evolving Li+ contents within 

each phase. Therefore, the collected diffraction data is a superposition of these time evolving peaks 

from phases with different SOC, which is a time average result.  

During the operando experiments, time-of-flight (TOF) are converted to d-spacing using the 

conventional second order polynomial TOF = ZERO + DIFCd + DIFAd2, where ZERO is a 

constant, DIFC is the diffractometer constant and DIFA is an empirical term to correct for sample 

displacements and absorption induced peak shifts. ZERO and DIFC were determined from the 

refinement of a standard NIST Si-640e data set and held fixed. The same DIFA value was adopted 

for all sequential refinements since the cylindrical cell was not moved during the entire experiment. 

For the low-resolution frames (bank 2 and 3), a back to back exponential function convoluted with 

a symmetrical Gaussian function was used to describe the peak profile. For the high-resolution 
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frames (bank 4 and 5), the moderator induced line profile was modeled using a modified Ikeda-

Carpenter-David function [164–166]. Lorenz polarization is corrected by multiplying d4Sinθ [165]. 

Absorption correction was carried out using the empirical Lobanov formula [165,167]. TOPAS 

Academic V6 suite was utilized to perform the sequential Rietveld refinements on all diffraction 

patterns obtained during the charging/discharging process [168,169]. The weightings of Cu and Al 

were fixed to values refined from the initial patterns (before charging). The cation mixing extent 

and atomic displacements for the cathode were fixed during the sequential refinement. The Li 

content within NMC622 was fixed to the value from the electrochemical data. The lattice 

parameters of pristine NMC622 and Li-intercalated graphite are thus obtained from refinement 

using ex-situ diffraction data of pristine powders. The refinement result of one operando 

diffraction pattern is shown in Figure 3.1c. 

The structural evolution of graphite anode and NMC622 cathode are first studied at relatively 

slow charging rate to demonstrate the feasibility and reliability of this cylindrical cell design. The 

contour plots of the operando diffraction data alongside the voltage profile of the cylindrical cell 

under 0.27 C charging and 1 C discharging are shown in Figure 3.2. The peak shifting, intensity 

variation, and appearance/disappearance of certain Bragg peaks clearly suggest the continuous 

structural changes of both NMC622 and GICs during lithium intercalation/de-intercalation. As 

shown in the enlarged contour plot (Figure 3.3), the intercalation of Li+ into graphite undergoes a 

sequential staging process: from the initial solid solution process (pristine graphite) to stage III 

(LiC30), dilute stage II (LiC18), stage II (LiC12) and the final stage I (LiC6), agreeing with previous 

studies [35,170]. This sequential staging process is mainly a response to reducing the elastic and 

electrostatic interactions of inserted Li ions between graphene layers [171]. Detailed phase 

transition process during Li intercalation (charging process) are summarized in Figure S7. Upon 

initial intercalation of Li+, no new Bragg peaks are detected and the graphite (114) reflection (S.G. 

P63/mmc) keeps shifting to larger d-spacing, indicating the initial Li+ intercalation follows a solid 

solution reaction. When ~ 0.15 Li+ (Li0.15C6) are intercalated, the stage III of GICs (LiC30 with 

A(Li)ABA… stacking, S.G. P3) phase starts to emerge, as indicated by the appearance of a broad 

peak at ~ 1.49 Å (Figure 3.3, which corresponds to the 007 reflection). Further intercalation of Li+ 

leads to the formation of the dilute stage II phase (LiC18 with AB(Li)BA··· stacking, S.G. P63mc) 

and then the stage II phase (LiC12 with AA(Li)AA··· stacking, S.G. P6/mmm). The difference 

between LiC18 and LiC12 is the detailed stacking sequences of neighboring graphene layers 
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between adjacent Li layers: the former follows the AB type registration while the latter follows 

the AA type stacking [172,173]. The rapid increase of the (002) reflections of LiC12 (~1.02 Å) 

indicates that all LiC18 from dilute stage II have eventually been transformed into stage II (LiC12). 

With more Li+ intercalation, the stage II (LiC12) starts to gradually transform into the fully lithiated 

stage I (LiC6) with a new set of (002) reflections (S.G. P6/mmm) at larger d-spacing of ~ 1.04 Å. 

A small amount of LiC12 still coexists with LiC6 at the end of charging mainly due to the use of 

extra amounts of graphite (e.g., the N/P ratio of 1.1). During discharge, the phase transition is 

largely reversible (Figures 3.2 and 3.3). 

 

 

Figure 3.2. The structure/phase evolution of graphite and NMC622 under 0.27 C charge and 1 C 

discharge 
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Figure 3.3. The formation of stage III (LiC30), stage II (LiC12), and stage I (LiC6) under 0.27 C 

charge and 1C discharge. 

 

For the cathode side, the de-intercalation of Li+ from NMC622 leads to the oxidation of 

Ni2+/Ni3+, which compensates the charge loss caused by Li+ removal [174–176]. The oxidation of 

transition metal (TM) cations decreases their ionic radii and increases the covalency between TM 

cations (e.g., Ni and Co) and ligand oxygen anion, leading to the decrease of average TM–O bond 

lengths and the subsequent decrease of lattice parameter a (from ~ 2.865 Å to ~ 2.817 Å, Figure 

3.4). This is clearly indicated by the shift of the 110 reflection toward lower d-spacing (Figure 

3.3), which changes from the initial ~ 1.43 Å to ~ 1.41 Å. Lattice parameter c first increases to its 

maximum value of ~ 14.52 Å (at x = ~ 0.5 in Li1–xNi0.6Mn0.2Co0.2O2), and then decreases to ~ 

14.45 Å (x = ~ 0.622) at the end of charging (Figure 3.4). This trend is consistent with the 

observation of the shift of 108 reflection (Figure 3.3), which first increases from ~ 1.44 Å to ~ 

1.45 Å and then decreases to ~ 1.44 Å. The de-intercalation of Li+, on one hand, effectively reduces 

the screening effect between adjacent oxygen planes, leading to the increase of electrostatic 

repulsion between oxygen planes (across the LiO2 slab) and thus causes the increase of lattice c. 

On the other hand, the increase of the TM–O bond covalency results in the charge redistribution 

between TM cation and oxygen anion, leading to the partial charge depletion of ligand oxygen 

anion. This effectively reduces the electrostatic repulsion between oxygen anions across the inter-

layer plane and leads to the decrease of lattice c. The change of lattice c is determined by the 

relative strengths of these two effects [157,177]. The changes in lattice parameters a and c are in 
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good agreement with previous studies on NMC cathode materials [178–180]. During cell 

discharging, the lattice parameters a and c follow the opposite trend of the charging process 

(Figure 3.4), consistent with the peak shifting in Figure 3.3. Due to the irreversible loss of Li ions 

from the formation of SEI and kinetic hindrance, lattice parameters a and c do not fully recover to 

their initial values [181,182].  

 

 

Figure 3.4. The lattice parameters a and c evolution of NMC622 under the 0.27 C charging and 1 

C discharging. 

 

Quantitative analysis was then carried out to better understand the structural evolution of 

NMC622 cathode and graphite anode at higher charging rates. Figure 3.5 shows the variation of 

lattice parameters of NMC622 under different charging rates up to 4.4 C, which has similar trend 

compared to Figure 3.4. This indicates the crystal structure of NMC622 is well maintained during 

fast charging, which is consistent with previous reports on the capability of NMC to be 

intercalated/de-intercalated up to 10 C [183–185]. Small differences can be seen in lattice 

parameters under different charging rates, which is attributed to the averaging effect of powder 

diffraction analysis and larger Li concentration gradient within NMC622 under higher charging 

rate. During the charging process, Li ions de-intercalate from the surface layer of NMC622 

particles first and a Li ion concentration gradient builds up from the surface to the core of the 

particle. Higher charging rate leads to greater concentration gradient, and the diffraction analysis 

is based upon the averaged data collected in 62 seconds and thus shows small variations [186–

188].  
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Figure 3.5. Lattice parameter evolution for NMC622 under different charging rates: (a) The 

evolution of charging voltage during charging; (b) The lattice parameter a; (c) The lattice 

parameter c; (d) The volume shrinkage during charging process. 

 

For the anode side, the full diffraction patterns for the charging rates from 0.27 C to 4.4 C 

together with voltage profiles are shown in Figure S8, and corresponding contour plots for the 

whole charging/discharging processes are shown in Figure S9. The enlarged regions in Figure 3.6 

(0.98 Å to 1.06 Å and 1.40 Å to 1.52 Å) are utilized to elaborate the detailed phase transition of 

graphite under these rates (1.6 C ~ 4.4 C). The Li intercalation follows the same sequential staging 
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as revealed in Figure 3.3 (slow charging at 0.27 C): from the emerging of (007) peak of LiC30 

(stage III) at ~1.49 Å, to the (002) peak of LiC12 (stage II), and finally to the (002) peak of LiC6 

(stage I) at ~1.04 Å [147,189].  

 

 

Figure 3.6. The phase evolution of graphite anode during the charging process under different 

charging rates: (a) 1.6 C; (b) 2.4 C; (c) 3.2 C; (d) 4.4 C. 
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For the 1.6 C and 2.4 C charging shown in Figure 3.6, LiC12 peak intensity increases to its 

maximum, and then starts to decrease with the increase of peak intensity of LiC6. When the 

charging rate is increased to 3.2 C and 4.4 C, however, the peak of LiC6 emerges and increases in 

intensity before LiC12 peak increases into its maximum intensity. Therefore, a simultaneous 

intensity increase of both LiC12 and LiC6 reflections (for example, the 7th diffraction pattern of 4.4 

C) exists under higher charging rate. Numerical simulations by Dees et al. via electrochemical 

models presented the evolution of phase fraction in graphite anode at C/5, 1 C, and 4 C charging 

rates, and revealed that the monotonical increase of volume fraction for both LiC12 and LiC6 phases 

only existed under 4 C charging, similar to our observation [190]. Quantitative analysis by Koffi 

P. C. Yao et al. via operando energy dispersive X-ray diffraction showed more detailed evolution 

of simultaneous increase of both LiC12 and LiC6 under 1 C charging rate (with a 114 μm thick 

graphite anode). This phenomenon may be related to the inhomogeneous distribution of Li ions in 

the graphite electrode [149]. Figure S10 shows the SOC of the cell when LiC6 phase emerges in 

the diffraction patterns (the uncertainty is from the capacity increment during neutron data 

collection period, 62 seconds in this case). A clear distinction can be noticed between 2.4 C and 

3.2 C, where LiC6 shows up at a relatively lower SOC under 3.2 C. This phenomenon is supported 

by other reports on high rate charging of Li-ion cells. Subsequently, LiC6 starts to evolve from 

LiC12 in graphite electrode near separator while LiC12 forms at the expense of LiC18 (dilute stage 

II) in graphite electrode near current collector. 

From the qualitative discussion above, it is shown that the LiC12/LiC6 two-phase reaction is 

slower than the solid solution reaction from C to LiC12. It is therefore important to obtain the 

kinetics of the two-phase reaction between LiC12 and LiC6. The relative weight ratio of LiC6 and 

LiC12 can be obtained quantitatively by integrating the area of their respective diffraction peaks 

shown in Figure S11. Figure 3.7 summarizes the time evolution of weight ratios (obtained from 

Rietveld refinement) of LiC6 and LiC12 at 4 different charging rates (the ratios of LiC6 and LiC12 

under 0.27 C is included in Figure S12). Under a given charging rate, the weight ratio of LiC6 

keeps increasing while the weight ratio of LiC12 continues decreasing, which corresponds to the 

formation of LiC6 at the consumption of LiC12. The Johnson-Mehl-Avrami-Kolmogorov (JMAK) 

model, expressed in eqn (3.1), is then utilized to obtain more insight on the phase transition 

mechanism from LiC12 to LiC6. The validity of JMAK model has been well proven in previous 

studies to probe the dynamics of phase transition in the solid reactions of electrode materials like 
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LiFePO4 and graphite [191–193]. The Avrami exponents n of the JMAK model are extracted from 

the Sharp-Hancock plots and shown in Figure 3.8.  

[−[ln(1 − 𝑎)]]
1 𝑛⁄

= kt                                                                                           (3.1) 

 

 
 

     

Figure 3.7. The time evolution of LiC12 and LiC6 for the whole charging process under the 

charging rate of (a) 1.6 C, (b) 2.4 C, (c) 3.2 C, (d) 4.4 C. 

 

For the JMAK model, the nucleation-growth mechanism is utilized to describe the LiC12 → 

LiC6 transition, and it is debatable about its validity in describing this transition under high 

charging rates based on its inability to accurately capture the phase separation under 

nonequilibrium conditions. Combining direct optical images of a single crystal graphite anode 

under lithiation, Guo et al. utilized the Car-Hilliard reaction model to probe the lithiation of single 

crystal graphite [127]. Simulation results from this model well captured major lithiated phases 
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(stage I, stage II and stage III) which were supported by the experimental results from direct optical 

images. Furthermore, a multilayer free energy phase field model was developed by Smith et al. to 

describe the intercalation kinetics for these layer structure chemicals, especially the phase 

separation within them [194]. However, to further confirm the proposed models (JMAK or Car-

Hilliard) from atomistic structure changes, operando pair distribution function (PDF) experiments 

(which not only probes the average phase transition but also the local/short-range structure 

changes) on the LiC12 → LiC6 transition of graphite anode are needed. This will be investigated in 

our future work to further verify the validity of JMAK model under higher charging rates. 

 

 

Figure 3.8. The Sharp-Hancock plot for LiC6 under 5 charging rates for the CC stage 

 

𝑛 = 𝑎 + 𝑏𝑐                                                                                                                  (3.2) 

In equation (3.2), the Avrami exponent n is divided into three components: the nucleation 

rate a, growth dimensionality b and growth parameters c  [195–197]. Parameter a reveals the 

detailed nucleation rate: a = 0 corresponds for a nucleation rate of zero , a = 1 for the constant 

nucleation, a > 1 for an increasing nucleation rate while 0 < a < 1 for an decreasing nucleation rate 

[191]. Parameter b represents the growth dimensionality and its value varies from 1, to 2, and to 

3, corresponding to 1D, 2D and 3D growth mechanisms, respectively. Parameter c represents the 

specific growth mode: 0.5 for the diffusion-controlled growth and 1 for phase boundary (interface) 
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controlled growth. The Avrami exponent n decreases with the increase of charging rates from ~1.3 

at 0.27 C to ~ 0.5 at 4.4 C. Given the fitted values of n and available values of parameters a, b, and 

c in JMAK model, we propose b = 1 and c = 0.5 for the LiC12 → LiC6 transition, with a ranging 

from 0 to 1. These kinetic parameters are summarized in Table 3.1. Particularly, the nucleation 

index a keeps decreasing from ~ 0.8 at 0.27 C to almost 0 at 4.4 C, indicating nucleation rate 

decreases under increasing charging rates. Thus, with b = 1 indicating 1D growth and c = 0.5 of 

diffusion-controlled growth, the result suggests that the LiC12 → LiC6 transition is kinetically 

controlled by diffusion, 1D growth process with decreasing nucleation rate under increasing 

charging rates. 

 

Table 3.1. Kinetic parameters for the formation of LiC6 derived from NPD data under CC stage 

 

Type exponent n a R2 

0.27 C 1.356(40) 0.856(40) 0.974 

1.6 C 1.373(62) 0.873(62) 0.979 

2.4 C 0.804(27) 0.304(27) 0.988 

3.2  C 0.622(77) 0.122(77) 0.889 

4.4  C 0.504(77) 0.004(77) 0.991 

 

Li + + LiC12  +  e− → 2LiC6                                                                                 (3.3)  

As shown in eqn (3.3), the LiC12 → LiC6 transition involves the following factors: (1) Li+ 

diffusing from liquid electrolyte to the edges of graphite flakes; (2) Li+ passing through the SEI 

layer; and (3) Li+ intercalation/diffusion within bulk graphite and corresponding charge 

compensation. For Li+ passing through the SEI layer, the studies by Dees et al. show that the 

interfacial impedance remains almost constant and there is no rate effects on this diffusion process 

up to 10 C [198,199]. In addition, graphite possesses good electronic conductivity in the order of 

1.0 × 100 to 2.45 × 105 S/cm, much higher than Li+ ionic conductivity within graphite [200,201]. 

Lithiated graphite also exhibits higher electrical conductivity at higher degree of Li+ intercalation. 

Therefore, the influence of electronic conductivity on the formation of LiC6 is negligible. It is seen 

that the Li+ diffusion within lithiated graphite and liquid electrolyte are both involved for this 

transition. For Li+ diffusion within graphite/GICs, most experimental studies indicate a range from 

10–10 to 10–12 cm2/s at room temperature, due to various methods used and the difference (graphite 
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type and microstructure) of graphite tested [202–210]. The typical value for Li+ diffusion 

coefficient of liquid electrolyte is D = 4 × 10–6 cm2/s, much higher than the Li+ diffusion within 

graphite [211,212]. Moreover, both experiments and simulations suggest a decreasing Li+ 

diffusion with more Li+ intercalated, especially for the LiC12 → LiC6 transition (with 0.5 < x < 1 

for LixC6 ), due to the larger energy barrier for the diffusion with dense Li ions between graphene 

layers [35]. Thus, the relatively sluggish Li+ diffusion in the bulk graphite particles is the 

controlling factor for the LiC12 → LiC6 phase transition.   

Besides this sluggish diffusivity of Li+, the highest Gibbs free energy barrier for LiC12 

→LiC6 phase transition is another possible reason for the relatively slower LiC12 →LiC6 phase 

transition kinetics and the delay in phase transition under higher charging rates. This has been 

reported by others. Smith et al. verified this highest energy barrier for LiC12 →LiC6 transition via 

the multi-layer phase field model with the Cahn-Hilliard reaction mechanism [194]. In line with 

this theoretical result, Donal P. Finegan et al. found the switch of lithiation along depth profile 

under 2 C charging: initially, lithiation occurred dominatingly in the frontal region, then it shifted 

to deeper regions, and finally went back to the frontal region [150]. This phenomenon indicates 

the high energy barrier for this LiC12 →LiC6 transition. The overpotential at the frontal region was 

initially less than that needed to overcome this barrier, thus lithiation occurred in deeper regions. 

Once this overpotential for the phase transition was satisfied, lithiation went back to the frontal 

regions. This is consistent with our current observations. 

For nucleation rate parameter a, it is close to 1 at charging rates of 0.27 C and 1.6 C. This 

indicates that the nucleation rate for new LiC6 phase is almost constant when the charging rate is 

low and/or moderate, suggesting a smooth transition from LiC12 to LiC6. With the increase of 

charging rate to 2.4 C, parameter a decreases significantly to 0.304, which is due to insufficient Li 

ions available for the nucleation of new LiC6 phase. The reason can be easily explained by the 

large concentration gradient needed for the high charge rate (large current) [213]. With further 

increase of the charge rate (current), parameter a decreases greatly and reaches near 0 at 4.4 C, 

which indicates the nucleation of new LiC6 phase region is largely limited for fast charging. 

In our study, Parameter b from the JMAK model suggests a one-dimensional growth of 

nucleated LiC6, we attribute this 1D growth to the aggregation of LiC6 along the c direction of 
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graphite flakes, as schematically shown in Figure 3.9. As revealed by the Daumas-Herold domain 

model and following theoretic studies, the well-formed LiC12 phase follows the AA(Li)AA··· 

stacking, and the space between every two neighboring graphene layers are available for further 

intercalation of Li+ to form denser LiC6 phase, as a response to reducing energy for the whole 

system [214]. Both simulation and experiments indicate that it is impossible for intercalated Li+ to 

penetrate graphene layers along the c direction, given the large energy barrier of ~ 10 eV, and 

intercalated Li+ only diffuses within ab plane of graphene layers [214]. Considering the 

nonuniform morphology of graphite edges and the randomness of Li intercalation, Li+ intercalates 

into some graphene sheets earlier than other sheets. Meanwhile, intercalated Li+ exhibits intralayer 

attraction and interlayer repulsion, and the interlayer long-ranged electrostatic repulsion is 

screened out only over certain layers of graphene along the c direction [171,215–219]. Thus, 

graphene layers intercalated by Li+ would hinder the intercalations of adjacent graphene sheets. 

Combined with the randomness of Li+ intercalation and the nonuniform morphology of graphite 

flakes, parallel Li+ intercalations between empty graphene layers simultaneously are hindered. 

Thus, we propose some graphene layers are fully intercalated earlier than other layers, with 

adjacent layers less lithiated or even without any Li+ intercalated, exhibiting a layer by layer 

intercalation behavior, to some extent. Following Li+ will repeat this serial intercalation process 

until the full formation of LiC6. Thus, the transition of LiC12 to LiC6 exhibits a 1D growth 

mechanism. A similar 1D growth behavior was also observed by Evans et al. during the 

intercalation of Li+ into layered TiS2 [220]. And similar “selective” deintercalation of H2SO4 from 

certain graphene layers was also observed for the opposite transition from stage I GIC to stage II 

GIC transition [221]. Taken together, the monotonic decrease of n from the JMAK model with 

increased charging rates suggests one dimensional growth, diffusion-controlled with decreasing 

nucleation rates for the transition of LiC6 from LiC12.  
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Figure 3.9. The 1D growth for the LiC6 along c direction of graphite flake. 

3.3 Conclusions 

In this study, the fast operando neutron powder diffraction experiment is implemented via 

customized cylindrical cell. The good signal-to-noise ratio of collected operando data enables the 

multi-phase Rietveld refinement and quantitative structural analysis of both NMC622 cathode and 

graphite anode. It is found that the structural evolution of NMC622 during the Li deintercalation 

process is consistently determined by its lithium contents up to 4.4 C charging rate, suggesting that 

NMC622 cathode is unlikely the limiting factor for fast charging of NMC/graphite cell. Instead, 

we found that the stage II (LiC12) → stage I (LiC6) transition during lithiation of graphite is the 

rate limiting step when charging the full cell to above 3 C. This is further confirmed by 

quantitatively study of the evolution of LiC12 and LiC6 using the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) model, where the Avrami exponent n decreases from ~ 1.3 to ~ 0.5 as the 

charging rate increases from 0.27 C to 4.4 C. This indicates that the stage II (LiC12) → stage I 

(LiC6) transition is a one-dimensional diffusion controlled growth with decreasing nucleation 

kinetics under increasing charging rates. In all, this study sheds light on the comprehensive 

understanding and further optimization of rate performance of LIBs using graphite anode. 
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4. EFFCTS OF SOLVENT FORMULTIONS IN ELECTROLYTES ON 

FAST CHARGING OF LI-ION CELLS  

This chapter is from the following publication: Wu, Xianyang, et al. "Effects of solvent 

formulations in electrolytes on fast charging of Li-ion cells." Electrochimica Acta 353 (2020): 

136453. 

 

Contributions 

Xianyang Wu: Design and implementation of experiment, data processing, writing, reviewing, 

and editing of original draft. 

Tianyi Liu: Implementation of experiment, reviewing, and editing of original draft. 

Yaocai Bai: Implementation of ICP-OES experiment, data analysis, editing of original draft. 

Xu Feng: Implementation of XPS experiment, data analysis, reviewing of original draft. 

Muhammad Mominur Rahman: Implementation of XAS experiment, reviewing of original draft. 

Chengjun Sun: Implementation of XRD experiment, reviewing of original draft. 

Feng Lin: Implementation of XAS experiment, reviewing of original draft. 

Kejie Zhao: Conception and design of experiment, reviewing, and editing of original draft. 

Zhijia Du: Conception and design of experiment, reviewing, and editing of original draft. 

4.1 Introduction 

Lithium ion battery (LIB) plays an indispensable role in portable electronics since its 

commercialization in the 1990s [222]. Due to its high energy density, high power density, high 

Coulombic efficiency and long cycle life, it is becoming the dominating power source for electric 

vehicles (EVs) [223]. The high demand from automobile industry for LIBs with higher energy 

density and better rate performances have stimulated intensive research on LIBs [224,225]. It is 

well recognized that the long charging time of electrical vehicles (EVs) and range anxiety is 

plaguing the wide application and full electrification of EVs. To overcome these challenges and 

amp up the EVs market, the US. Department of Energy (DOE) sets the goal to decrease charge 

time of high energy density Li-ion cells to 15 minutes or less [226,227]. The gaps between the 

state-of-the-art LIBs technology and fast charging has been systematically reviewed [10,14,228–

230]. 
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The most pronounced issue in fast charging is lithium plating [70,231]. Graphite is the 

extensively used anode materials due to its high specific/volumetric capacity, good rate capability, 

high Columbic efficiency and good cycle life [232]. However, the potential of reversible lithium 

intercalation/de-intercalation (into LiC6) is around 80 mV, which is close to the metallic lithium 

plating/stripping potential. For fast charging with substantial polarization in the cell, Li plating is 

thermodynamically attainable when anode potential falls below 0 V (vs. Li+/Li). Li plating is 

broadly known to cause deteriorate capacity fading and potential safety concerns [70,231]. 

In state-of-the-art high energy density of LIBs, a moderately thick electrode with high areal 

loading (3-4 mAh/cm2) has been widely used [77]. In the thick electrode, the high tortuosity 

increases the cell resistance dramatically and leads to high risk of lithium plating [29,77,233]. 

Legrand et al has established an electrochemical modeling to predict the Li plating during the 

charging of a Li-ion cells [234]. The increased cell resistance also cause the cell to reach the cutoff 

voltage in a short time, reduce the effective charging time, and thus decrease the attainable energy 

[57]. Symmetric cells of graphite anode and layered LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode were 

developed by Mao et al. and the graphite anode was identified as the limiting factor because the 

effective N/P ratio falls below 1.0 at high charging rates [233]. Moreover, Malifare et al. examined 

the graphite electrodes with different areal loading (2–6 mAh/cm2) and porosity (0.1–0.45) to 

understand how Li plating occurred [235]. They found the electrolyte potential gradient from the 

Li+ concentration gradient leads to a large liquid phase overpotential across the cell in thick 

electrodes and thus leads to Li plating between the graphite electrode and the separator in a full 

cell. 

To address the fast charging challenges in high energy density LIBs, the improvement of the 

mass-transport of the Li ions in the electrolyte phase is inevitable so that the enough Li ions are 

available for graphite intercalation and the anode potential is not suppressed below 0 V [57]. 

Colclasure et al. [236] showed that the transport property (ion conductivity and Li ion transference 

number) of electrolyte was the key factor to shorten the charging time for LIBs while maintaining 

high energy density via modeling results. This is consistent with Du et al that better fast charging 

performance of LIBs can be achieved using electrolyte with LiFSI as Li salts due to its higher ion 

conductivity and transference number over LiPF6 [57]. Yang et al. proposed increasing cell 

temperature to an optimal value to improve fast charging with the trade-off between SEI growth 

and Li plating [237,238]. They believed the conduction and diffusion of Li ions in electrolyte are 
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enhanced to avoid Li plating.  Improving the transport properties of non-aqueous electrolyte has 

also been identified by Liu et al. as one important direction to realize the fast charging technologies 

[230]. 

The utilization of various organic solvents as co-solvents, including esters and ethers, has 

been proved to be an effective way to lower the viscosity and thus enhance the Li ion conductivity 

of the electrolyte to further improve the overall performance of LIBs [239,240]. In this paper, 

various co-solvents, including MA, EA, EF, DMC are mixed with EC and EMC with LiPF6 salt to 

study their effects on enhancing the fast charging performance in LiNi0.6Mn0.2Co0.2O2 

(NMC622)/graphite Li-ion cells.   

4.2 Experiments 

The NMC622 and graphite electrodes are prepared at the DOE Battery Manufacturing R&D 

Facility (BMF) at Oak Ridge National Laboratory. The cathode consists of 94 wt% NMC622 

(Targray), 3 wt% carbon black (Denka Li-100) and 3 wt% polyvinylidene fluoride (PVDF, Solvay 

5130), with areal loading of 3.0 mAh/cm2 and the calendared porosity is 30%. The graphite anode 

consists of 94 wt% graphite (Superior Graphite 1520T), 1 wt% carbon black (Timical C65) and 5 

wt% polyvinylidene fluoride (PVDF, Kureha 9300). The areal loading was 3.5 mAh/cm2 with a 

porosity of 30% after calendaring. 

The electrolytes are made of 1.2 M LiPF6 (Sigma-Aldrich, purity ≥ 99.99%) salts dissolved 

in a combination of EC, EMC and co-solvents (DMC, EMC, EA, EF and MA) with 30:50:20 wt% 

ratio. In the case of EMC, 1.2 M LiPF6 in EC: EMC 3:7 by weight is widely recognized as Gen2 

electrolyte. The pouch cells are assembled with the electrodes and separator (Celgard 2325) inside 

a dry room with a dew point of less than −50 °C and relative humidity (RH) of 0.1% at BMF. Then 

the cells are cycled between 2.8 and 4.2 V with constant voltage holding at 4.2 V (trickle charging) 

using a battery cycler, Maccor Series 4000, in an environmental chamber at 30 °C. The charging 

current was calculated from the nominal capacity (assuming 175 mAh/g of NMC622). A total time 

limit was imposed to guarantee that the duration of the charging step did not exceed the intended 

time for each C rate (15 minutes for 4C charging, 20 minutes for 3C, 30 minutes for 2C 1 hour for 

1C charging). The long-term cycling performance was tested under fast charging at +4C/-1C for 

200 cycles. 
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The conductivity of electrolytes was measured using a conductivity cell (Cole-Parmer). The 

conductivity cell constant was first calibrated with standard KCl solutions. Electrolyte 

conductivities were obtained from the electrochemical impedance spectroscopy (EIS) from 10 Hz 

to 1 MHz, with a 5-mV perturbation voltage using a potentiostat (Bio-Logic). 

All the post-test analysis was conducted when the cells were fully discharged to 2.0 V and 

hold at 2.0 V for 10 hours. Pouch cells were opened in the Ar-filled glovebox and the cycled 

electrodes were rinsed with DMC for 3 times (2 minutes a time) to remove Li salts on the electrodes. 

The structures of the electrode materials were examined by X-ray diffraction (XRD) (PANalytical 

X’PERT operated at 45 kV and 40 mAh; Cu source, λ = 1.54 Å). XAS experiments on the Ni K-

edge of pristine and cycled NMC622 electrodes were carried out in transmission mode at Beamline 

20-BM-B of the APS. 

The electrolyte in the pouch cell after long-term cycling was extracted and analyzed by ICP-

OES following the same procedures reported by Thompson et al. [93]. The cycled pouch cells are 

cut open in the dry room and sealed in centrifuge tube, then they were centrifuged under 2200 rpm 

for 30 minutes. After dilution in ~2wt% HNO3 solution, The Li concentrations were analyzed 

using Perkin Elmer Optima 2100DV ICP-OES.  

X-ray photoelectron spectroscopy (XPS) characterization of the surface chemistry on 

negative and positive electrodes were conducted on a PHI VersaProbe III scanning XPS 

microscope, with monochromatic Al K-alpha X-ray source (1486.6 eV). The XPS spectra are 

acquired with 200 µm/50 W/15 kV X-ray settings and dual-beam charge neutralization. All 

binding energies were referenced to C-C peak at 284.8 eV. Atomic concentrations of these 

elements are determined from the integrated intensity of the elemental photoemission features 

corrected by relative atomic sensitivity factors. For the analysis of chemical states of elements, the 

PHI and NIST XPS Databases are used as reference. The atomic ratios of elements are determined 

from the integrated intensity of elemental photoemission features corrected by each element’s 

relative atomic sensitivity factors using CasaXPS.  

4.3 Results and discussions 

Figure 4.1 shows ionic conductivities for all electrolytes with molarity ranging from 0.5 to 

1.75 mol/L at 20, 30, and 40 °C. For convenience, the legends in the figures (here and after) are 

denoted by the co-solvent of the electrolyte in LiPF6 dissolved in EC/EMC/Co-solvent 30/50/20 
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wt%. At a given temperature and solvent system, the ionic conductivity increases with the increase 

of salt concentration and reaches the maximum value at 1.0 M. Then the ionic conductivity 

decreases with further increasing salt concentration which can be attributed to the increasing 

viscosity and higher ion association [241–243]. The conductivity of a specific electrolyte 

composition is improved with increasing temperature, which is ascribed to the added thermal 

agitation into the system to increase the ion mobility [242]. This increased conductivity at elevated 

temperature can be beneficial to fast charging as the cell temperature is reported to increase during 

fast charging [244]. The utilization of these co-solvents shows the ionic conductivity changes with 

the electrolyte formulations with the trend of MA>EF>EA>DMC>EMC.  

 

 

Figure 4.1. the ionic conductivities of 5 electrolytes under different temperatures: (a) 20 °C; (b) 

30 °C; and (c) 40 °C  

Pouch cells of NMC622/graphite filled with electrolyte of 1.2 M LiPF6 in 5 different solvent 

systems show similar capacity at low charge/discharge rate (±C/3). The cells are then charged at 

different C rate at 2C (30-minute), 3C (20-minute) and 4C (15-minute), and their capacity 

retentions are summarized in Figure 4.2. With shorter charging time, the cell capacity retention 

drops gradually in all 5 cases, which largely due to the Li ions mass transport limitation in the 

electrolyte at higher C rate in high energy Li-ion cells [57]. However, the use of different solvents 

changes the capacity retention. For 15-minute fast charging, the capacity retentions with EF, MA, 

EA, DMC and EMC are 81.1%, 80.5%, 81.6%, 77.3% and 72.8%, respectively. The improvement 

can be ascribed to the increased ionic conductivity with co-solvents. Under higher charging C rate, 

the improved ion conductivity mitigates the polarization and prompts homogenous distribution of 

Li ions in mass transport [29,57].  
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Figure 4.2. The cell discharge (under -1C rate) capacity retention under different charging 

rate/time using 5 different electrolytes compared to capacity under ±C/3. 

Figure 4.3 shows the cycling performance of the pouch cells under fast charging conditions 

using different electrolyte formulations discussed above. The cells with EF electrolyte show the 

worst cycling performance with only ~40% of capacity retained after 160 cycles before the cells 

were stopped. The cells with MA and EA electrolytes show improved cycling performance 

compared to EF electrolyte, with 66.2% and 73.6% capacity retention after 200 fast charging 

cycles, respectively. The use of DMC in the electrolyte shows the best cycling performance among 

all electrolyte formulations with 88.7% capacity retention after 200 cycles. The Li plating on 

graphite electrodes after repeated fast charging cycles is also studied in Figure 4.3. All the 

electrodes show apparent Li plating on top of the graphite electrodes. However, the plating in 

electrolytes with EA, DMC and EMC is uniform and smooth surface, while it is non-uniform in 

electrolytes with EF and MA. The uniformity in Li plating is phenomenally related to the cycling 

performance to a certain extent. 
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Figure 4.3. The long-term cycling performance of the pouch cell under fast charging conditions 

with different electrolytes of 1.2 M LiPF6 in EC: EMC: Co-solvent 30:50:20 wt%. Li plating on 

graphite electrodes after 200 fast charging cycles. 

To test the loss of active Li ion inventory in the NMC622 cathode, half Li coin cells were 

made using these cycled NMC622 electrodes with fresh Li foils and Gen2 electrolyte. Figure 4.4 

shows the 1st charging/discharging and 2nd charging voltage curves of these coin cells. During the 

first charging process, any remaining active Li ions are de-intercalated from the cathode structure. 

The discharging process determines how many Li ions can be intercalated back into the cathode 

structure. The loss of Li ion inventory (EF>MA>EA>EMC>DMC) in NMC622 agrees with the 

capacity of the pouch cells at the end of 200 fast charging cycles in Figure 4.3. Here, the loss of 

Li inventory from the NMC622 cathodes has two destinations: “dead” metallic Li plating and SEI 

growth (on both graphite and plated Li). Yang et al. reported the combination of computational 

modeling and experimental voltage relaxation to quantify the two factors [245,246]. Li plating in 

their report is induced by the ever-growing SEI which block ion mass transport and increase the 

cell resistance. Therefore, the Li inventory loss is mainly due to the SEI growth with contribution 

from lithium plating in late-stage of the long term cycling. In this fast charging study, limitation 

on the Li ion mass transport emerges at the very beginning of the fast charging cycles and leads to 

sever Li plating. Therefore, we speculate the Li inventory loss during fast charging cycles is mainly 

due to the Li plating. In Figure 4.4, all electrodes except the one from EF containing electrolyte 
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show similar discharging capacity, which indicates the layered NMC622 cathode structure is well 

maintained and capable for reversible intercalation/deintercalation. The EF electrode shows less 

capacity, which indicates the EF may have partly damaged the NMC622 structure. 

 

 

Figure 4.4. Voltage curves of Li cells assembled with NMC622 cathode after 200 cycles under 

+6C/-1C charge/discharge rates. The electrode was charged and discharged at a constant rate of 

C/10 between 2.5 and 4.2 V. 

X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine 

structure (EXFAS) at Ni K edge were used to probe the change of oxidation state of Ni in the bulk 

NMC622 cathode, as most Mn and Co ions remain their oxidation state during the 

charging/discharging process. Figure 4.5a shows the normalized Ni K-edge XANES of the 

NMC622 electrodes after 200 fast charging cycles. Compared to the pristine NMC622 electrode, 

the absorption K edge of Ni from all the fast charging cycled NMC622 electrodes shifted from ~ 

8347 eV to higher absorption energy, indicating the oxidation of Ni from Ni2+/Ni3+ to higher 

Ni3+/Ni4+ state for the charge compensation of active Li loss [247,248]. The shifting magnitude in 

energy is consistent with the loss of Li in the NMC622 electrodes (except for the one from EF) in 

Figure 4.3 and Figure 4.4. Figure 4. 5b shows the Fourier transform radial distribution function 

for the Ni K-edge EXAFS and the fitting results are listed in Table S1 to study the local 

environment of Ni ions [249]. Compared to the pristine NMC622 electrode, the average Ni-O bond 
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lengths for fast charging cycled electrodes decrease from initial value of ~ 2.0 Å to ~ 1.9 Å. The 

cycled NMC622 electrodes also show decrease in the Ni-TM average bond lengths, which 

indicates a higher oxidation state of Ni and expansion of the c lattice in the layered structure [248] . 

The decrease of the average bond lengths of both Ni-O and Ni-TM is due to the loss of active Li 

ions and decreasing Li screening effects on the negative oxygen charge in NMC622 structure as 

shown in Figure 4. 4. 

 

  

Figure 4.5. (a) XANES and (b) Fourier transform radial distribution function for the Ni K-edge 

EXAFS of the pristine and fast charging cycled NMC622 electrodes in different electrolytes. 

Figure 4.6 shows the XRD patterns of the NMC622 electrodes with all major peaks indexed 

to the R3m structure. It is clearly seen no new phase evolved in the cycled NMC622 samples, 

indicating the loss of active Li ion in the structure from the fast charging cycles did not affect the 

integration of the layered crystal structures of NMC622. Previous studies on layer NMC materials 

revealed the expansion of lattice constant c and the shrinkage of a when Li ions were de-

intercalated from the layered structure [250,251]. Compared to the pristine NMC622, the (018) 

peaks of all the cycled electrodes shift to smaller angles (expansion of c) while the (110) peaks 

shift to larger angles (shrinkage of a), indicating the loss of Li ions in the Li ions layer of the 

structure. This is in accordance with the Li half-cell testing result in Figure 4.4 and XAS result in 

Figure 4.5.  
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Figure 4.6. XRD patterns of pristine and cycled NMC622 electrodes after 200 fast charging 

cycles. 

Figure 4.7 shows the Li ion concentration remaining in the electrolyte after 200 fast charging 

cycles measured by ICP-OES. The results show an increase of Li ion concentration in all 

electrolytes with different solvents after repeated fast charging cycles compared to the original Li 

ion concentration. Thompson et al have shown that Li ion concentration stay unchanged when 

cells are charged/discharged at low rate of C/3 [93]. This suggests that the solvent components are 

consumed at a higher rate compared to Li ions in the salt. Since the reductions of the solvent 

molecules are electrochemically induced reduction occurring on the negative electrodes [42,252], 

the high current fast charging and metallic Li plating on graphite may promote the solvent 

reduction and thus lead to the higher consuming rate of solvents in the electrolyte. 
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Figure 4.7. Change of salt concentration in the electrolyte after 200 fast charging cycles. 

The surface chemistry on both negative and positive electrodes is studied by XPS after 

formation and after 200 fast-charging cycles. Figure 4.8 and Figure 4.9 show the detailed analysis 

of F1s, C1s, O1s and P2p for solid electrolyte interphase (SEI) on graphite electrodes and cathode 

electrolyte interphase (CEI) on NMC622 electrodes. It is well known that the SEI and CEI consist 

mainly of organic components including (CH2OCO2Li)2 (lithium ethylene decarbonate, LEDC), 

organic carbonate (R2CO3), polyethylene glycol (PEO) oligomer, etc., and inorganic compounds 

such as Li2CO3, LiF, Li2O, LiPFxOy and LixPFy [253–256]. The detailed peak assignments for the 

SEI/CEI layers are summarized on Table S2 and S3. 

By comparing the F 1s spectra in Figure 4.8a between the pristine graphite electrode and 

electrodes after formation, a new Li-F peak at ~685 eV evolved which is from the decomposition 

of LiPF6 [257]. The C-F peak is from the PVDF binder in the electrodes. In Figure 4.8b, the area 

ratio of Li-F/C-F is increased in all five samples compared to the counterparts in Figure 4.8a, 

indicating the increase of SEI thickness after 200 fast-charging cycles. In the DMC case, the area 

ratio of Li-F/C-F is the lowest, suggesting the thinnest SEI during fast charging cycles, which can 

be related to its best fast charging performance. In the C1s spectra, the peaks at 286.4, 288.6 and 

289.8 are assigned to CO-, CO2- and CO3- like carbon environments which are from the reduction 

of solvents at the graphite surface besides the C-C in graphite and Li-C from residual Li in graphite 
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[253,258–260]. This solvent reduction is also confirmed in the O1s spectra. Compared to the 

pristine sample, the O1s spectra evolved with two peaks after formation and after the 200 fast-

charging cycles. The peak at ~532 eV is assigned to CO2-like oxygen from carbonate compounds 

such as lithium alkyl carbonates (ROCO2Li) and/or lithium carbonate; the second peak at ~533.6 

eV is assigned to –C–O– bonds from ROCO2Li and/or ether derivatives [261,262]. The increase 

of the latter one after fast charging cycles is probably due to the increase of more ether derivatives 

such as PEO-like polymers [263,264]. PEO formation has been suggested to occur through PF5 

catalyzed electrolyte solvent polymerization reactions [263]. The P 2p spectra evolved after 

formation cycles of the cells due to LiPF6 decomposition and the intensity increased after fast 

charging cycles. The P–F peaks are ascribed to the reduction of LiPF6 on the graphite to form PF5 

and LixPFy [265], and the P=O peaks are assigned to the LiPxOyFz from the hydrolysis LiPF6 with 

trace water in the electrolyte [258].  

 

 

Figure 4.8. XPS spectra of negative electrodes (a) after formation cycles and (b) after 200 fast-

charging cycles in cells with different electrolytes. 
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Figure 4.9 shows the F 1s, C 1s, O 1s and P 2p XPS spectra pf the NMC622 electrodes in 

pristine state, after formation and after 200 fast-charging cycles. In the F 1s spectra (Figure 4.9a), 

similar LiPF6 decomposition occurred and LiF peak evolved after formation cycles besides the C-

F peak from the PVDF binder. In Figure 4.9b, the intensity of Li-F increases for all five different 

solvent systems, indicating the increase of CEI thickness after 200 fast-charging cycles. The area 

ratio of Li-F/C-F in carbonates (DMC and EMC) is the lower than that in esters (EA, MA and EF), 

indicating a thinner and stable CEI in carbonate electrolytes. This is in accordance with the cycling 

performance shown in Figure 4.3. The C 1s spectra show little change between the pristine sample 

and the electrodes after formation in all five electrolytes. The peaks in C 1s spectra are ascribed to 

the PVDF binder and carbon blacks in the electrodes. The O 1s spectrum of the pristine electrode 

showed two peaks with the peak at 529.5 eV attributed to M-O from the lattice oxygen in NMC622 

[262] and the peak at 531.5 eV assigned to COx-like oxygen from the carbon black [260]. After 

formation cycles, the O 1s peaks from the pristine electrode at 531.5 eV was replaced by two new 

peaks at ~531.7 and ~533.5 eV indicating the formation of CEI layers from electrolyte 

decomposition. The peak at ~531.7 is ascribed to CO2-like oxygen from carbonate compounds 

(ROCO2Li) and/or Li2CO3 [262,266], and the peak at ~533.5 eV is assigned to C–O bonds from 

ether derivatives and/or ROCO2Li [261,262]. After repeated fast-charging cycles, the intensity of 

CO2-/C-O increased greatly by comparing the M-O peak, indicating the continuous decomposition 

of electrolyte and formation of carbonate compounds in the CEI layer. For the EF case, the M-O 

peak almost disappeared, indicating the CEI in this electrolyte is the thickest. This suggests the 

CEI may be not stable when EF is present in the electrolyte. The P-F and P=O peaks are shown 

after formation in P 2p spectra compared to the blank feature in pristine sample. The P-F/P=O 

peaks grow in intensity after fast charging cycles, which is another indication of the CEI growth 

from the salt decomposition. 
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Figure 4.9. XPS spectra of positive electrodes (a) after formation cycles and (b) after 200 fast-

charging cycles in cells with different electrolytes. 

Figure 4.10 shows the evolution of the elemental ratio changes in SEI and CEI after 

formation and after 200 fast charging cycles. The electrolyte with DMC shows the smallest 

elemental change in Figure 4.10a, indicating the SEI is stable during fast-charging cycles. This 

agrees with the best fast-charging cycling performance in this electrolyte. The CEI elemental ratios 

in DMC, EMC and EA are stable in Figure 4.10b. In contrary, the MA and EF show notable 

changes, indicating an unstable interface during fast-charging cycles. 
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Figure 4.10. The evolution of atomic ratios among F, C, O and P for (a) SEI and (b) CEI after 

formation (75% filling) and after 200 fast charging cycles (diagonal cross).  

4.4 Conclusions 

Electrolytes with different solvent formulations were tested for fast charging of NMC622-

graphite Li-ion cells. The conductivity of the electrolytes was increased by adding co-solvents 

such as EF, MA, EA, DMC into the EC/EMC based electrolyte formulation, and the capacity 

obtained from the fast charging was improved from the higher conductivity. However, different 

cycling performance was observed with the trend of performance in the sequence of DMC > EMC 

> EA > MA > EF. The lithium plating on graphite electrodes, the structural changes in NMC622 

and the lithium inventory loss were analyzed after repeated fast-charging cycles. They were in 

accordance with the cycling performance. The Li salt/solvent ratio after repeated cycles showed 

the solvent was consumed faster than Li salt with an increase Li salt molarity in ICP-OES test. The 

SEI and CEI in different electrolyte formulations were analyzed by XPS. Both the SEI and CEI 

for DMC are thin and stable during fast charging cycles, compared to other solvent formulations. 

The present results suggest that DMC in the electrolyte formulation is encouraged in developing 

fast charging technologies for Li-ion cells. 

 

(a) (b) 
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5. CONCLUSIONS AND OUTLOOK 

5.1 Summary and conclusions 

Given its effect on the global BEV market, the realization of XFC has been attracting 

attention from the whole community. Considering fundamental electrochemistry principles of 

LIBs, it is well recognized that mitigation/prevention of Li plating is the most critical task for XFC. 

Thus, enhancing Li+ transport properties within LIBs plays an irreplaceable role.  

For LIBs under XFC, it is straightforward to probe the effects of increasing charging rates 

on LIBs. In this study, from the effects of increasing charging rates from 1C, 4C to 6C, to the 

structural evolution of both NMC622 cathode and graphite anode, and the utilization of various 

cosolvents in improving the rate performance, they were systematically studied via various 

characterization methods to realize the extreme fast charging of LIBs. Based on the findings 

obtained, it was realized that phase transitions within both NMC622 cathode, and graphite anode 

also plays a vital role for our understanding and further optimization of LIBs under XFC. Then, 

operando NPD experiments on cylindrical NMC622||graphite cell were implemented. Meanwhile, 

based on our findings for the whole LIBs system, it was realized that tuning transport properties 

of liquid electrolytes utilized by LIBs would contribute to enhanced rate performance for LIBs. 

Thus, we further probed various liquid electrolyte systems with different cosolvents. The main 

conclusions we find in our study are summarized here:  

• Less available capacities are obtained under increasing charging rates, due to larger 

polarization/overpotential introduced into LIBs. For cycled electrodes, the crystal 

structure of the graphite anode remains the same, while the NMC622 cathode 

experience irreversible structural evolution due to loss of active Li+ during the long 

term cycling. Also, the liquid electrolyte experiences relatively faster aging under 

higher charging rates, as revealed by the higher Li+ concentration within cycled 

electrolytes.   

• The crystal structure of NMC622 is mainly determined by Li+ contents within it, 

and lattice a experiences a steady decreasing trend during the charging process 

while lattice c goes through a first increase and then decrease trend due to 

competing electrostatic force. For the phase transition of lithiated graphite, it shows 
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a typical sequential transition process under a slow charging rate: from pure 

graphite → stage III (LiC30) → stage II (LiC12) → stage I (LiC6). While under a 

higher charging rate, the LiC12 and LiC6 phases may coexist due to the 

inhomogeneous distribution of Li+ under high charging rates.  Further analysis via 

the JMAK model indicates that the LiC12 → LiC6 transition is a diffusion controlled, 

one-dimensional process with decreasing nucleation rate under increasing charging 

rates.  

• Utilization of cosolvents with lower viscosity indeed improves the ion conductivity 

of liquid electrolytes, leading to enhanced rate performance. Via XAS and XRD on 

cycled NMC622, the increased valence state of Ni within NMC622 are consistent 

with its structural evolution. For the long term cycling performance, the solvent 

using dimethyl carbonate (DMC) dominates all tested electrolytes. Via comparison 

of the chemical components formed between electrolyte and electrode, the 

dominant performance of DMC is attributed to its capability to form more stable 

interphases with both NMC622 cathode and a graphite anode.     

5.2 Outlook and future work 

In our thesis work, we focus mainly on strategies to improve Li+ transport properties to 

hinder the occurrence of Li plating on graphite anode. However, another strategy is to “accept” Li 

plating and make sure LIBs can even cycle a certain number of cycles with plated Li. Recently, 

significant progress has been made for LIBs using Li metal as the anode, via tuning liquid 

electrolytes and forming more stable SEI on Li metal. Thus, it is worth trying to tune the transport 

properties of liquid electrolytes developed for Li metal anode and get a tradeoff between cycling 

performance and cycle lives.  

For future work, we want to further test the effects of various additives at trace 

concentrations on improving the long term cycling performance of LIBs under higher charging 

rates, given their validity in improving the long term cycling performance at relatively smaller 

charging rates well proven by the industry. Generally, additives sacrifice themselves via earlier 

reactions with electrodes, thus preventing the side reaction between organic solvents and 

electrodes. Then the aging of liquid electrolytes will be significantly mitigated/postponed. Fluorine 

electrolytes, which indicate replacing hydrogen within the solvent molecules with fluorine, were 
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widely seen as a promising solution to form a more stable SEI with graphite anode. Previous 

studies are mainly based on trial-and-error methods, and it is time-consuming to find additives 

with expected improvement. These days, more efficient screening of additives combing simulation 

and experiments will accelerate the study and commercialization of novel additives via high 

throughput theoretical computation.   

Meanwhile, utilization of advanced slurry preparation/coating techniques, both leading to 

well-patterned coating for cathode and anode, has been well proven into an excellent way to 

decrease the tortuosity for LIBs. For reduced tortuosity within electrodes, it will indefinitely reduce 

the polarization/overpotential within liquid electrolytes as the diffusion path for Li+ will be greatly 

shortened. This will definitely reduce the inhomogeneity of Li+ within electrodes and extend the 

ratio CC stage under the CCCV charging protocol, thus enhancing the performance under XFC.  

Besides these strategies focusing on liquid electrolytes and the structure of coated 

electrodes, utilization of electrodes with higher specific capacity and higher Li+ diffusion is 

straightforward and will contribute significantly to the realization of XFC for LIBs. The NMC622 

cathode probed in this study possesses a theoretical specific capacity of ~180 mAh/g. The LiNiO2 

cathode material, as the end member of LiTMO2 cathode, possesses a theoretical capacity of ~270 

mAh/g. Then the replacement of NMC622 with LiNiO2 will significantly reduce the thickness of 

coated cathode, leading to reduced polarization within the cathode side and improvement of rate 

performance for the same energy density. At this stage, the commercial utilization of LiNiO2 still 

suffers from its structural instability during the H2 → H3 phase transition and with severe side 

reaction between Ni3+/ Ni4+ of LiNiO2 and liquid electrolyte under high SOC. Recent progress on 

high nickel/cobalt-free cathode via replacing oxygen with fluorine for LiTMO2 and doping LiNiO2 

with Al, Mg will mitigate these challenges and accelerate the commercial application of high 

nickel cathodes.   

Combining all these strategies, we believe extreme fast charging for LIBs will be realized 

in the coming days and contribute significantly to the energy revolution from fossil fuel energies 

to cleaner renewable energies. 
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APPENDIX A. SUPPORTING INFORMATION 

 

Figure S1. Neutron power diffraction of pristine graphite and graphite after repeated cycles. (a) 

bank #1 and (b) bank #4. 

 

 

Figure S2. Voltage curves at C/10 rate of Li coin cells assembled with graphite anode after 200 

cycles under +1C/-1C, +4C/-1C and +6C/-1C charge/discharge rates. 
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Figure S3: The MS spectroscopy for extracted electrolyte: (a) DMC; (b) EMC; (c) DEC; and (d) 

EC 
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Figure S4: The SEM images of NMC622 under various charging rates: (a) Pristine NMC622; (b) 

NMC622 cycled under +1C/-1C; (c) NMC622 cycled under +4C/-1C; (d) NMC622 cycled under 

+6C/-1C. 
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Figure S5. The detailed electrochemical performance of the cylindrical cell under 5 charging 

rates (a) Rate 1, 0.27 C; (b) Rate 2, 1.6 C; (c) Rate 3, 2.4 C; (d) Rate 4, 3.2 C; (e) Rate 5, 4.4 C.  
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Figure S6. The voltage-capacity curve under all the 5 charging rates 

 

 

Figure S7. The phase transition of lithiated graphite during the 0.27 C charging 
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Figure S8. The diffraction patterns alongside with the voltage profile for all 5 rates, with major 

Bragg peaks from lithiated graphite, NMC622, Cu, Al current collector labelled in blue, red, 

olive and magenta.  
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Figure S9. The phase evolution of Stage III, Stage II (LiC12), Stage I (LiC6) under higher 

charging rates: (a) 1.6 C; (b) 2.4 C; (c) 3.2 C; (d) 4.4 C. 
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Figure S10. The capacity for the first show-up of stage I (LiC6) within the cell under charging 

rates from 1.6 C to 4.4 C 

 

 

Figure S11. The qualitative comparison of LiC6 and LiC12 contents under the 5 charging rates, 

the black dot line represents the cumulative line of all these 3 fitted peaks, the spring green line 

is fitted NMC peak, the turquoise line is fitted LiC12 peak and the sea green is fitted LiC6 peak. 
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Figure S12. The time evolution of LiC12 and LiC6 for the whole charging process under 0.27 C. 
 

Table S1. EXAFS fitting parameters for the representative data shows in Figure 5b. 

 

Electrolytes R-factor Ni-O (Å) Ni-M (Å) σ2 (Å2) 

Pristine 0.0022729 2.00303 2.88605 0.00502 

EMC 0.0064467 1.91063 2.86348 0.00445 

DMC 0.0068221 1.93981 2.86732 0.00454 

EA 0.0043508 1.90001 2.86121 0.00529 

EF 0.047146 1.91264 2.88406 0.00657 

MA 0.013005 1.90679 2.85936 0.00431 
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Table S2. Peak assignments for the XPS spectra of SEI layer 

 

Region Component 

Binding 

energy 

(eV) 

C 1s 

Li-C ~ 282.4 

C-C of Carbon ~ 284.4 

C-O of 

(ROCO2Li) or 

ether 

~ 286.4 

C=O of 

ROCO2Li 
~ 288.6 

CO3 of Li2CO3 ~ 289.8 

O 1s 

CO3- in 

(ROCO2Li) 
~ 531.5 

C-O of 

ROCO2Li 
~  533.5 

F 1s 
LiF ~ 685.0 

PVDF/LiPFx ~687.0 

P 2p 

2p3/2 P=O ~133.7 

2p1/2 P=O ~134.5 

2p3/2 P=F ~136.7 

2p1/2 P=F ~137.5 

 

Table S3. The peak assignment for the XPS spectra of CEI layer. 

 

Region Components Binding energy  

(eV)               

C 1s 

Carbon black ~ 284.4 

C-O of PEO ~ 286.4 

C=O of Li2CO3 ~ 288.0 

C-F of PVDF ~ 290.4 

O 1s 

 ~ 527.8 

M-O ~ 530.0 

Li2CO3 ~ 531.5 

C-O of R2CO3 ~ 533.5 

F 1s 
LiF ~ 685.0 

C-F/P-F ~ 687.7 

P 2p 

2p3/2 P=O ~ 133.7 

2p1/2 P=O ~ 134.5 

2p3/2 P=F ~ 136.7 

2p1/2 P=F ~ 137.5 
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