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ABSTRACT OF THE DISSERTATION 

Electrodes/Electrolyte Interphase Design for Li Metal Batteries 

by 

Jian Zhang 

Doctor of Philosophy, Materials Science of Engineering 

University of California, Riverside, September 2021 

Prof. Juchen Guo, Chairperson 

 

 

To understand the baseline performance of lithium (Li) metal anode in liquid electrolytes, 

the electrochemical and physical properties of Li anode are studied with realistic 

parameters including: thin thickness (50 µm), practical areal capacity (1 to 4 mAh cm-2), 

practical areal current (0.5 to 2 mA cm-2), and low electrolyte/capacity ratio. Two different 

Li salts, lithium hexafluorophosphate (LiPF6) and lithium bis(fluorosulfonyl)imide 

(LiFSI), are used to probe the effects of the electrolyte chemistry and concentration. The 

cycling of Li||Li symmetric cells, combined with investigation using the scanning electron 

microscope, demonstrates that the soft-short of Li||Li cells is induced by the continuous 

volume expansion of Li electrodes during cycling instead of dendrites. The volume change 

of a Li electrode is dictated by the depth of deposition and stripping (i.e., areal capacity) 

and the electrolyte/capacity ratio, with no strong correlation with the type of Li salt and 

concentration. On the other hand, the average coulombic efficiency (CE) measurement 

demonstrates inherent correlation with the type of Li salt and its concentration in the 

electrolyte. Li electrode surface chemical analysis indicates that the fluoride-rich surface 

layer formed in the LiPF6 electrolyte can be detrimental to both CE and Li deposition-
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stripping overpotential. The failure mechanism of Li metal batteries has been studied in 

order to design reasonable routine for identify the dominant factor which result in the cell 

failure.  

By thoroughly understanding the failure mechanism of Li metal batteries, the 

corresponding strategies to mitigate the cell failure has been studied.We report acrylonitrile 

(AN) as an effective additive in carbonate-based electrolytes to enable uniform and dense 

lithium (Li) deposition and to improve the coulombic efficiency of Li metal anode. Our 

electrochemical, spectroscopic, and theoretical study reveal that AN is cathodically 

electropolymerized on the Li surface prior to the electrochemical decomposition of the 

electrolyte during Li deposition. The resultant polyacrylonitrile artificial solid electrolyte 

interphase enables uniform nucleation and growth of Li deposition with significantly 

reduced side reactions. The effectiveness of the AN additive is demonstrated in 0.4 Ah 

Li||LiNi0.6Mn0.2Co0.2O2 pouch cells (using 50-μm Li anode, 3 mAh cm-2 cathode areal 

capacity, and 4g Ah-1 electrolyte) with excellent cycle stability under realistic charge-

discharge condition. 

The hydrofluoric acid (HF) based side reaction in lithium (Li) hexafluorophosphate (LiPF6) 

electrolyte system hindered the direct application of LiPF6 electrolyte (in organic carbonate 

solvents) for Li metal batteries. In this study, we report phosphorus pentoxide (P2O5) as an 

effective additive in LiPF6 based electrolyte not only enable uniform and dense Li 

deposition but also mitigate the transition metal (TM) dissolution and cracking problems 

of LiNi0.6Mn0.2Co0.2O2 (NMC622) particle. The poor Li metal deposition behavior and the 

increasingly growth of cathode impendence caused the poor cycle life of the Li||NMC622 
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pouch cell in 1M LiPF6 electrolyte. The cycle life of the pouch cell in 1M LiPF6 electrolyte 

with P2O5 additive was greatly enhanced from 30 cycles to more than 230 cycles, with the 

capacity retention: 87.7% (230 cycles).  
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Chapter 1: Introduction 

1.1 Lithium-ion batteries overview 

Through the continuously improvements, Li-ion batteries have become the most 

predominant energy storage devices owning to its high capacity, low cost and long cycle 

life. In 2019, three scientists (John B Goodenough, M Stanley Whittingham, and Akira 

Yoshino) have been awarded the Nobel Prize in Chemistry for the development of Li-ion 

batteries. However, the developments of mature Li ion batteries were not easy and lasted 

for several decades. 

In 1960s, the unique characteristics of Li (low negative electrode potential and light weight) 

and the reversible insertion of Li ion into layered transition metal sulfides attracted the high 

interests.  In 1976, Stanley Whittingham, who was hired by the Exxon Mobil Corporation, 

created the rechargeable Li battery by layered titanium disulfide.1 During that time, John 

B Goodenough has investigated the stable extraction of Li from LiCoO2 could reach over 

half and without critical structure change. And the anode material was found by Akira 

Yoshino, who studied the carbon-rich anode materials. Then in 1991, Sony released the 

first commercial Li-ion battery, and after that, the revolution of mobile devices has start 

changing significantly. 

1.2 Principles of Li-ion batteries and its components 

The basic Li-ion cells typically consists of anode (negative electrode), cathode (positive 

electrode) and electrolyte, which are illustrated in Figure 1.1.2  
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In this specific example, graphite is the anode, lithium cobalt oxide (LiCoO2) is the cathode. 

The reactions are as follows: 

 

 

During discharging, Li ion undergo the extraction from layered graphite anode materials 

and migrate through electrolyte and inserted into anode materials. At the same time, the 

generated electrons from anode would flow through external circuit and arrive at positive 

electrode, to participate the reduction reaction in cathode.  

 

Figure 1. 1 Schematic diagram of Li-ion cell with graphite anode and LiCoO2 cathode. 
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The open circuit voltage of the cell ( ) is determined by the difference between the 

electrochemical potential of anode (𝜇𝐴) and cathode (𝜇𝐶), which was shown in Figure 1.2 

a. 

 

Where e is the magnitude of electronic charge. The open circuit potential is confined by 

the electrochemical potentials of electrodes and the electrochemical window of 

electrolyte.3  

 

Figure 1. 2 (a) Relative energies of electrolyte window and electrodes electrochemical potentials 

without electrodes/electrolyte reactions. (b) scheme diagram of energy level for characteristic Li-

ion battery (graphite as anode and LiCoO2 as cathode with carbonate electrolyte system). 3 

In Figure1.2 a, the electrochemical window of the electrolyte is determined by the energy 

level difference (Eg) between the highest occupied molecular orbital (HUMO) and the 

lowest unoccupied molecular orbital (LUMO). In principle, the electrochemical potential 

of electrodes should located within the electrochemical window of electrolyte. Otherwise, 

the reduction reaction would take place on anode if  is higher than the LUMO of the 
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electrolyte or the oxidation reaction would take place on cathode if  is lower than the 

HUMO of the electrolyte, to form a passivating solid electrolyte interphase (SEI) film.  

1.2.1 Mechanism of SEI formation 

The typical example could be found in Figure 1.2b, this is a schematic energy diagram of 

relative energy position of battery components consisting of graphite anode, LiCoO2 

cathode and organic carbonate electrolytes. The carbonate electrolytes (DMC/DEC 

electrolytes) usually offer a electrochemical window of ~3 eV, where the LUMO level of 

the electrolyte is ~1.1eV lower than (electrochemical energy of Li),4 and the 

HUMO level of the electrolyte is ~ 4.3 eV below .5 

The energy level of layered oxide cathode materials is ~ 4.0 eV below ,6,7 

so that the cathode electrolyte interphase would be stable before the electrochemical energy 

level change for cathode. However, for graphite anode, its energy level lies ~ 0.2 eV below 

7, which higher than the LUMO of the carbonate electrolyte (~1.1 eV below 

for DMC/DEC electrolytes). The reduction reaction between graphite and carbonate 

electrolytes would happen once the charging process take place, and it will be stopped until 

a stable SEI layer forms. 
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1.2.2 Electrode materials for Li-ion batteries 

Table 1. 1 Positive electrode materials for Li-ion batteries. 

Material Nominal Voltage (V) Specific Capacity (mAh g-1) 

LiCoO2 3.6-3.7 140 

LiFePO4 3.2 150 

LiNixMnyCozO2 3.6-3.7 180-220 

LiMn2O4 3.7-3.8 120 

LiCoO2 was the firstly used cathode material in commercialized Li-ion batteries and is still 

widely used in consumer products. However, considering the safety and total inventory of 

cobalt in the world, the market has reducing the manufacturing of Li-ion batteries consists 

of LiCoO2 as cathode material. Lithium iron phosphate (LiFePO4) has very good stability 

for Li-ion batteries and considering its low cost, the LiFePO4 batteries are suitable for off-

grid products. The lower capacity of LiFePO4 and the lower output voltage than competing 

Li-ion chemistries makes it not suitable for the application for electric vehicles.8 

The lithium nickel manganese cobalt oxide (NMC) could be the most promising cathode 

materials for Li-ion batteries used in electric vehicles considering the good cycle life, safety 

and high capacity. Although lithium manganese oxide could offer higher voltage and good 

thermal stability, the lower cycle life limited its application. 

As for the anode materials for Li-ion batteries, graphite is the mostly used anode materials 

including: natural graphite, artificial graphite or amorphous carbon.9 



6 

 

Lithium titanate (LTO) anode materials have much better safety, thermal stability and low 

temperature operation. The Li-ion batteries made by LTO anode will offer very high cycle 

life. However, the much lower energy density limit its application in Li-ion batteries 

because of the low cell voltage (2.4 V). 

1.2.3 Electrolyte for Li-ion batteries 

For Li-ion battery electrolytes, they are usually consists of Li salts and organic solvents. 

The solvents are usually a mixture of two or more solvents. The rationale behind that is the 

diverse and often the contradicting requirements of battery applications can hardly be 

fulfilled by single solvent, for example, the high fluidity versus high dielectric constant.2 

The requirements of electrolytes for Li-ion batteries should have reasonable Li ion 

conductivity and stable against electrodes. The most commonly used Li salts and solvents 

are listed below. 

Einstein Stokes equation: 

   (1) 

Conductivity vs. Diffusivity 

   (2) 

   (3) 
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From Einstein-Stokes equation and the relationship between conductivity and diffusivity, 

10 the general equation for conductivity for electrolyte was described in equation (3), 

Where  is ionic conductivity,  is charge, C is the concentration of electrolyte,  is the 

viscosity and  represents the hydrodynamic radius. In order to increase the electrolyte 

ionic conductivity, the higher concentration and smaller viscosity and hydrodynamic radius 

of Li ion should obtain from equation (3). However, with the addition of lithium salt, the 

viscosity of the electrolyte would also increase. So, normally, the conductivity of the 

electrolyte would have optimum value.11 

The stability of electrolyte against electrodes mainly contains two parts: (1) forming stable 

decomposition layer on electrodes (for example: the SEI for graphite electrodes); (2) wide 

electrochemical window to prevent electrolyte being oxidized or reduced. 

The most famous example of the SEI enabling good performance of Li-ion batteries can 

be found in the comparison between EC (ethylene carbonate) and PC (propylene carbonate) 

based electrolytes. The successful application of Li-ion batteries was largely depending on 

the introduction of EC in the organic electrolyte for its stable SEI formation capability. 

However, for PC based electrolyte in Li-ion batteries, the SEI formation by PC reduction 

on graphite anode can not form stable robust SEI may be due to the more severe gas 

evolution (ethylene gas) (Basenhard Model) and the methyl group in PC structure hindered 

the formation of compact SEI (Peled’s Model).2,12 

For Li-ion batteries with transition metal oxide cathodes, the HUMO energy level of the 

electrolytes should located above the energy level of cathodes (~ 4.0 eV below ). 
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Organic carbonates-based electrolytes are able to fulfill this requirement while the ethers 

are usually have lower HUMO energy level than the energy level of cathodes. In other 

word, the electrolyte would oxidize on cathode surface.2 
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1.2 Motivation of developing Li metal batteries 

Lithium metal anode has generated great interest in recent years owing to the unique properties: it 

has the lowest electrochemical potential (~3.0V vs SHE), which delivers a high cell voltage when 

pairing with certain cathodes (for example, lithium transition metal oxides), and it is the lightest 

metal (0.534g/cm3), which provides high theoretical capacity at 3860mAh/g. 

Research on lithium metal batteries went ups and downs during the past seventy years. Stabilizing 

lithium metal in certain non-aqueous solvents was first started from 1950s.13 From 1960s to 1970s14, 

lithium based primary cells were invented and commercialized. Continued research found 

needlelike lithium crystals (called “dendrite”) growth upon plating and “dead lithium” form 

stripping causing continuous reaction between lithium and electrolyte, which result in low columbic 

efficiency and even internal short when dendrite pierces the separator. In addition, in 1989, the 

incident of fire caused by lithium metal in rechargeable battery highlighted the end of general 

enthusiasm in lithium metal anode.15 To composite the demand of increasing high energy density 

batteries, in 1991, Sony release the first lithium-ion battery using graphite as anode and LiCoO2 as 

cathode.16 Followed by other lithium transition metal oxide materials proposed by John 

Goodenough. After that, Li-ion batteries have made a great success in the last twenty years.  

However, the intercalation mechanism that fundamentally enables the excellent cycling of Li-ion 

batteries also places an upper limit on energy density because of the weight and volume of the hosts 

into which Li+ intercalates. The current Li-ion batteries cannot meet the requirements of US 

Department of Energy’s (DOE) electric vehicle pack goals: increase the electric vehicle range to 

300 miles with reasonable price (<100 $/ kWh for cell, and <125 $/ kWh for battery pack), which 

corresponded to the energy content of ~ 350 Wh kg-1 and 750 Wh L-1 at cell level.17 Nowadays the 

high-energy demand inspires the resurgence of lithium metal investigations. Motivation of this 

project comes from significant increase in specific energy density, more than 28 percentage  as 
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shown in supporting information, by simply changing graphite anode with lithium metal anode.18  

Table 1. 2 Approximate weight for the components of a high energy density Panasonic 

NCR18650B [6] 

Component Weight(g) 

Passive Weight 14.1 

Graphite 11.4 

NCA 17.4 

Electrolyte 5.3 

Total weight 48.2 

The Specific energy density of a NCR18650B cell: 

=(
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ×𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑊𝑒𝑖𝑔ℎ𝑡)

(𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡)
× 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 

285mAh/g 11.4g
= 3.6V=243Wh/kg

48.2g




 

Simply replacing graphite electrode with lithium metal anode, the theoretical weight of lithium 

metal needed (N/P = 2) is: 

Theoretical weight of lithium metal needed: 
285mA / 11.4g

= 0.84
3860 /

h g
g

mAh g


=  

Then the specific energy density of lithium metal battery could be

285mAh/g 11.4g
= 3.6V=310Wh/kg

48.2-11.4+0.84


 , 

there will be 28% increasing in specific energy density. 

However, there are several critical problems arising from changing the graphite anode with lithium 

metal. The transformation of lithium electrode from fully dense metal to porous dead lithium during 

cycling will cause volume expansion and low coulombic efficiency. The new deposited lithium not 

only grows dendrite toward opposite electrode to lead to uncontrollable safety issue, but also 
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continuously react with electrolyte to form new solid electrolyte interphase (SEI) when deposition, 

which consuming lots of electrolyte and wrapping the lithium tightly, then form dead lithium when 

being stripped.  

Lots of efforts have been made to suppress the uncontrollable dendritic lithium growth during the 

past few decades. All the works can be divided into four strategies:  

1. Directly adding electrolyte additives to stabilize the SEI film. In most electrolytes, polar aprotic 

solvent such as ethers and carbonates are widely used, which is strongly reactive to lithium metal. 

Thus the component in the electrolyte originally determines the properties of the SEI film, as 

indicated by Aurbach.19 An recent example by Choudhury et al.20 showed that by adding additional 

0.5 wt.% of LiF to 1M LiPF6 in EC:DMC (50:50 volume ratio), the coulombic efficiency reach 

higher than 90% and the lifetime of cells increase to hundreds of hours (4mAh/cm2, 1C, 140 hours) 

owing to the better protection of lithium metal.  

2. Forming robust artificial SEI layer before cell cycling. Recently, Jie21 et al. showed that a surface 

fluorination process developed a chemically stable and mechanically strong interfacial LiF layer 

for suppressing the dendrite formation. Over 300 stable cycles were realized in carbonate 

electrolytes even at current densities of 5mA/cm2.  

3. Replacing routine liquid electrolytes with solid-state inorganic or polymer electrolytes. The 

conventional liquid electrolyte not only has the problem of chemically and electrochemically 

instability, but also will cause several potential safety issues such as electrolyte leakage and 

flammability. While introducing solid state electrolyte can not only partially solve these problems 

but also can suppress the formation of dendritic lithium because of its high modulus. Li iron 

phosphate (LiFePO4)|Li7La3Zr2O12 (LLZO)| Lithium cell has been reported exhibiting good cycling 

performance, about 146.2 mAh g-1 capacity retention after 100 cycles at 14.62mAh g-1. 22  

4. Constructing host for lithium metal anode. Lithium undergoes infinite volume change during 
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stripping-plating thus decreasing the mechanical stability of SEI layer and causing safety issue due 

to the expansion of battery. Cheng et al.23 use glass-fiber modified electrode to regulating lithium 

deposition and dissolution in order to render the dendrite growth and maintain up to 500 cycles.   

Although the work mentioned above have reported good cycling performance using specific 

strategies, one important factor being ignored is the thickness of the lithium foil. Recently, Albertus 

et al.24 reported that using limited amount of lithium metal can conclusively identify the presence 

of electronic shorting. In addition, the measurement of coulombic efficiency will be more 

meaningful by using limited amount of lithium. Thus, it motivates this project to apply thin lithium 

metal in the proposed research  
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1.2.1 Interphase design rules for Li metal anode 

The short cycle life of Li metal anode has been one of the major limitation for Li metal 

batteries. In organic liquid electrolyte system, the failure mechanism of Li metal anode 

could be summarized in Scheme 1.1. The failure of the Li metal anode results from the 

high porosity Li deposition integrated with accumulation of dead Li, which leads to the 

low diffusion coefficient of electrolyte in this region then causing the large concentration 

overpotential.25 The high porosity Li deposition was due to the poor electrolyte which 

either generate SEI with poor mechanical properties or has slow SEI formation rate.26 

 

Scheme 1. 1 Failure mechanism of Li metal anode 

Apart from the ex-situ strategies (e.g. artificial SEI), the high SEI formation rate could be 

achieved by adding the electrolyte additives which have higher reduction potential and 

lower activation energy of reduction reactions than the electrolyte components.26 

The SEI properties usually were tuned by changing the solvent formulations in low concentration 

electrolyte, or using the high concentration electrolyte to form salt decomposition dominated SEI 

rather than solvent decomposition dominated SEI.27 

The screening of electrolyte is always accompanying with the properties of solid electrolyte 

interphase between electrodes and electrolytes, no matter from the exfoliation problem of graphite 

anode causing by polypropylene carbonate solvent or the nature of unstoppable chemical reaction 

between Li metal and electrolyte components.  
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1.3 Conclusion and future directions 

Although Li metal batteries have been regarded as the most promising next-generation Li 

batteries, there are a lot of improvements need to be done (e.g. safety and cycle life) before 

its commercialization.  

Electrolyte formulation optimization is the most important direction for stabilize the 

electrolyte/electrodes interphases.  
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Chapter 2: Properties of thin Li metal anode in carbonate electrolytes 

2.1 Introduction 

The increasing demand for high-capacity lithium-ion (Li-ion) batteries has revived the 

development of Li metal as an anode material due to its high capacity and low 

electrochemical potential. To date, using metallic Li in practical Li-ion batteries is still 

elusive mainly due to its short life span and grave safety concerns. Conventional wisdom 

attributes the safety hazards of the Li anode to Li dendrite formation and growth. However, 

this cursory reasoning may mask subtle but critical occurrences during the Li deposition-

stripping. For instance, the formation of metal dendritic structures typically implies 

deposition under mass transfer limitation with local current higher than a certain threshold. 

However, numerous investigations show that Li anodes still fail by internal short under 

fairly low current. Therefore, the short cycle life and internal shorting of Li anodes should 

not be simply attributed to dendrite formation. In this work, we aim to elucidate the failure 

(internal short) mechanism of Li||Li symmetric cells, which have been widely adopted in 

Li metal anode research. Moreover, despite the tremendous amount of strategies being 

studied to improve Li metal anodes (such as electrolyte additives1-5, high-concentration 

electrolytes6-11, protective coating12-18, porous host structures for Li19-26, and solid-state 

electrolytes27-32), many reported experimental parameters, including the thickness of the Li 

electrode, areal capacity, areal current, and the electrolyte/capacity ratio significantly 

deviate from realistic use conditions. As a result, the relevance of the resultant 

performances may be questionable. Liu and coworkers demonstrated that under a realistic 

current of 1.27 mA cm-2, the cycle life of Li anodes drastically declined from more than 60 
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cycles to 20 cycles when their thickness decreased from 250 µm to 50 µm. 33 Albertus and 

coworkers further pointed out that the volume of electrolyte used in the batteries is a 

parameter crucial to the determination of the cycle life of Li anodes and the cell-level 

energy density. 34 Therefore, we study here the relationship between cycle stability and 

experimental parameters in liquid electrolytes using thin Li foil, practical capacity and 

current, and a controlled electrolyte/capacity ratio. The deposition-stripping efficiency is 

also studied under these realistic parameters along with the surface chemical properties of 

the Li electrode in carbonate electrolytes, which are based on either lithium 

hexafluorophosphate (LiPF6) or lithium bis(fluorosulfonyl)imide (LiFSI). 

2.2 Experimental methods 

2.2.1 Preparation of thin Li electrodes 

A chunk of clean Li was obtained from cutting off the outside layer of a Li rod (99.8%, 

Strem Chemicals) with clean stainless steel blades. The obtained Li chunk was sandwiched 

between two pieces of laminated aluminum film (MTI Corporation) with the polyamide 

side facing the lithium chunk. The protected Li chunk was pressed with a mechanical roller 

(MTI Corporation) to yield the Li foil with a thickness of 50 𝜇 m. The Li foil was 

subsequently pressed onto a copper foil (99.96%, Lyon Industries) with the protection of 

laminated aluminum film on top, with the polyamide side facing the Li surface. The Cu 

substrate was pre-treated in flow gas composed of  95% argon and 5% H2 at 300 ºC for 12 

hours in a tube furnace. All the procedures were performed inside an  argon-filled glovebox, 

as illustrated in Figure 2.1. 
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Figure 2. 1 Schematics of the preparation for thin Li electrodes by mechanical rolling process. 

 

Figure 2. 2 (Left) XPS survey spectrum of the lab-made 50um Li electrode with SEM image of 

the Li surface as the inset and (Right) Digital images of the lab-made Li electrode and the 

commercial Li foil. 
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2.2.2 Li||Li symmetric coin cells cycling  

CR 2016 type coin cells were used to measure the cycle stability. Two 50μm lithium 

electrodes were used with a single piece of Celgard@ 3501 separator. The solvent of all 

electrolytes is a mixture of ethylene carbonate (EC, anhydrous, 99%, Sigma-Aldrich) and 

diethyl carbonate (DEC, anhydrous, ≥ 99%, Sigma-Aldrich) with 1:1 volume ratio. The 

electrolyte of 1 M LiPF6 in EC/DEC was purchased from Sigma-Aldrich and used as 

received. The 1 M and 5 M LiFSI (99%, Oakwood Chemical) electrolytes were prepared 

in-house. The solvents were re-distilled prior to use.    

2.2.3 Three-electrode GITT measurement  

The galvanostatic intermittent titration technique (GITT) experiments were performed 

using both two-electrode Li||Li symmetric coin cells and the three-electrode coin cells. The 

construction of three-electrode coin cells, illustrated in Figure 2.3, was modified from the 

work of Juarez-Robles et al.1 The GITT experiments were introduced after a certain 

number of normal cycles of 15-second current-pulse followed by 3-minute rest. The 

cycling between current-pulse and rest continued until the designated capacity was reached. 
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Figure 2. 3 The configuration of the three-electrode coin cell system for GITT measurement. 

2.2.4 Electrochemical Impedance Spectroscopy (EIS) 

The EIS measurements were conducted using the Gamry potentiostat Interface 1000, 

scanning over the frequency range from 106 Hz to 0.1 Hz with 2 mV amplitude. After a set 

number of cycles (1 cycle, 6 cycles and 11 cycles), the Li||Li symmetric cells were stopped 

from further cycling, rested for 2 hours, and evaluated using EIS measurement. The 

galvanostatic cycling was resumed after the EIS measurement.  

2.2.5 Demonstrating the cause of soft-short 

The symmetric Li||Li coin cells were carefully disassembled after the soft-short occurred. 

The two Li electrodes were retrieved and reassembled in a new coin cell with a new 

separator and replenished electrolyte, after which cycling was resumed. In other 
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experiments, the retrieved Li/separator/Li assembly was enclosed in a new coin cell with 

replenished electrolyte followed by resumed cycling. As shown in Figure 2.4, the 

replenished electrolyte is not enough to resume normal Li||Li cycling.  

 

Figure 2.4 Symmetric Li||Li cells cycling curves with (a) 0.5 mA cm-2, 1 mAh cm-2 and (b) 2 mA 

cm-2, 4 mAh cm-2 with electrolyte replenished after soft-short occurred. 

To further demonstrate the cause of the soft-short, two separators were used in some 

symmetric Li||Li cells. After soft-shorting occurred, the coin cells were disassembled and 

the two separators were retrieved.  As shown in Figure 2.5, dead Li (dark color area in (a) 

and (b)) was found on the inner side of both separators (the side at which the two separators 

were in contact). Figure 2.5c displays the SEM image of the Li breaching the separator. 

(a) (b) 
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Figure 2. 5 (a-b) Digital images of the inner side of the two separators. (c) SEM image of the 

inner side of the separator showing Li breaching it. 

2.2.6 SEM Characterizations 

The structure and thickness of the Li electrode in the symmetric cells were characterized 

using scanning electron microscope (SEM, Nova Nano S450, 20 kV). The Li electrodes 

were immersed in different electrolyte for 2 days prior to SEM and EDS analysis. The 

samples were retrieved in an argon-filled glove box and washed with dimethyl carbonate 

thoroughly to remove the residual electrolyte. Prior to the SEM, the samples were dried at 

room temperature for 24 hours inside the argon-filled glove box. The samples were 

transported to the SEM facility inside a stainless-steel tube with KF-flange sealing. The 

samples were loaded in the SEM using a glove-bag with argon purging gas. The elemental 

mapping of the samples was collected using an Energy Dispersive X-ray Spectroscopy 

(EDX) spectrometer coupled with the SEM.  

(a) (b) 

(c) 
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Figure 2. 6 SEM images of the Li electrode surface, EDX elemental mapping (scale bar 2.5 um), 

and elemental composition after 2 days soaking in electrolyte of (a) 1 M LiPF6, (b)1 M LiFSI, and 

(c) 5 M LiFSI. 

2.2.7 Average Coulombic Efficiency Measurement 

CR 2016 type coin cells were used to measure the average coulombic efficiency: a lab-

made 50μm Li foil was first weighed and then pressed to the Cu substrate as the working 

electrode. Another identically made Li electrode was used as the counter electrode without 

weighing. Galvanostatic stripping was first applied to the working electrode, followed by 

deposition to complete one cycle. After a set number of cycles, any remaining Li on the 

working electrode was completely stripped using a 0.5 mA cm-2 current until the stripping 

cutoff potential (1 V) was reached. The average CE can be calculated from the following 

equation:2 

(b) (a) (c) 
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s C
Average 

Li C

(T J+n C ) A
CE =

m 3.86+n C A

  

  
 

where n is the cycle number; Cc is the cycling capacity; Ts is the time of the complete 

stripping of the working electrolyte; J is the areal current for the complete stripping (0.5 

mA cm-2), A is the area for working electrode (1.266 cm2), and mLi is the original mass of 

the Li on the working electrode. 3.86 represents the theoretical capacity of Li at 3.86 Ah g-

1. 

The above method was calibrated by directly stripping the Li from the pristine working 

electrode, and then using the equation above to calculate the CE, which should be 100%. 

Figure 2.7 shows the calibration curve (stripping the pristine working electrode with 0.5 

mA cm-2 in 1M LiFSI salt). The calculated CE is 99.2% due to the consumption of Li by 

side reactions with the electrolytes. 
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Figure 2. 7 Calibration curve of columbic efficiency measurement. The inset is the digital image 

of the working electrode after Li was completely stripped from it. 

2.2.8 EIS Measurement during GITT Li Deposition-Stripping 

The GITT Li deposition-stripping was performed with a 10-minute current pulse (0.5mA 

cm-2) followed by a 2-hour rest until 1 mAh cm-2 was achieved (i.e., total 12 pulses) as 

shown in the top panel in Figure 2.16. The EIS measurement was performed after rest for 

1 hour over the frequency range from 106 to 0.1 Hz with 2 mV amplitude. Charge transfer 

resistance (Rct) was obtained by fitting the EIS results with an equivalent circuit.  
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2.2.9 XPS Characterizations 

The Li electrodes were immersed in different electrolyte for 2 days prior to X-ray 

photoelectron spectroscopy (XPS) analysis. XPS data were collected using Kratos AXIS 

Supra (Al Kα=1486.7 eV) at UC Irvine Materials Research Institute (IMRI). The samples 

were prepared following the same procedure for SEM samples. The samples were 

transported to the XPS facility inside a stainless steel tube with KF flange sealing filled 

with argon. Finally, the samples were loaded in the sample chamber in the glove box 

integrated with Kratos AXIS Supra for XPS analysis. All peaks of XPS data were calibrated 

with the reference peak of C 1s at 284.6 eV (the adventitious carbon). 

References 

2.3 Results and discussion 

Thin Li electrodes (50 µm) coated on a copper (Cu) current collector were produced in-

house from bulk Li metal using a mechanical roller. The preparation details can be found 

in the Figure 2.1. Figure 2.8a shows the scanning electron microscopic (SEM) image of 

the cross-section of the Li electrode, illustrating the thickness measurement. The surface 

morphology of the Li electrode was characterized using SEM. The surface composition 

was analyzed using X-ray photoelectron spectroscopy (XPS) revealing Li, oxygen, and 

carbon content, the latter two of which can be traced to environmental exposure (Figure 

2.2). Li||Li symmetric cells in 2016-type coin cells using Celgard 3501 separator were 

constructed for cycle life measurement. Three different electrolytes were used in the 

experiments: 1 M LiPF6, 1 M LiFSI, and 5 M LiFSI, each in a mixture of ethylene carbonate 

(EC) and diethyl carbonate (DEC) with a 1:1 volume ratio. The water content in all 
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electrolytes was less than 10 ppm, as measured by Karl Fischer titration. Precisely 30 μL 

of electrolyte was used in each cell in our initial measurement. The end of cycle life is 

defined at the first sudden decrease of Li deposition-stripping overpotential during the 

cycling of Li||Li symmetric cells, which is consistent with existing reports. 37 Figure 2.8b 

displays a typical Li||Li cell cycling with 0.5 mA cm-2 current and 1 mAh cm-2 capacity: 

the deposition-stripping overpotential continues to increase during cycling until the sudden 

drop at the 130th cycle.  

 

Figure 2. 8 (a) SEM image of the cross-section of the thin Li electrode on Cu substrate; (b) cycling 

curve of a Li||Li symmetric cell in 5M LiFSI electrolyte showing internal short and continuous 

cycling after replacing the separator; (c) representative cycling curves and (d) cycle lives of the 

Li||Li symmetric cells using different electrolytes and different cycling parameters. 

a b 

c d 
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The increasing overpotential is mainly due to the stripping of Li from the bulk Li through 

the dead Li and continuously deteriorating interphase, 38-40 an explanation confirmed by 

our experiments in three-electrode cells with the galvanostatic intermittent titration 

technique (GITT, Figure 2.9).Figure 2.9a shows the GITT experiment with 0.5 mA cm-2 

current and 1 mAh cm-2 capacity; Figure 2.9b shows the GITT experiment with 2 mA cm-

2 current and 4 mAh cm-2 capacity. From the three-electrode cycling and GITT data, the 

first deposition process initially shows a spike of overpotential, which is clearly due to the 

deposition of Li on the passivated pristine Li surface. However, the initial stripping 

overpotential is low, which indicates that the Li stripping starts from the deposited Li, 

which has porous structure causing low overpotential. Towards the end of the stripping 

step, the overpotential rapidly rises up, which is due to the stripping of Li from the bulk Li. 

This observation also indicates that the coulombic efficiency of the deposition-stripping is 

less than 100%; a portion of deposited Li is not accessible to be stripped due to electrolyte 

decomposition and dead Li formation. The overpotential of the two-electrode cells is 

consistent with the superposition of the overpotential from both of the electrodes (i.e. 

deposition overpotential plus stripping overpotential). The overpotential continues 

increasing during cycling, and it is clear from the three-electrode cycling data between the 

21st cycle and the 61st cycle in Figure 2.9 that the increase is mainly from the overpotential 

of Li stripping. This is due to the increasingly bulk of the Li and increased concentration 

polarization. 
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Figure 2. 9 Constant-current Li plating-stripping cycling with intermittent GITT measurement with 

(top) 0.5 mA cm-2 and 1 mAh cm-2 and (bottom) 2 mA cm-2 and 4 mAh cm-2 in the 5 M LiFSI 

electrolyte. 

The sudden drop in overpotential reflects an instant decrease of impedance caused by the 

internal short of the Li||Li cell. The impedance change, measured with electrochemical 

impedance spectroscopy (EIS, Figure 2.10), clearly demonstrates a drastic decrease of 

charge transfer resistance after the overpotential drop.  

Figures 2.10a and 2.10b are the galvanostatic cycling of two Li||Li symmetric cells under 

the same condition (2 mA cm-2 and 4 mAh cm-2). Cell #1 was still in good condition after 

11 cycles, while a sudden potential drop occurred during the 10th cycle in Cell #2. The 

corresponding EIS measurement results reveal the change of impedance in the two cells as 

shown in Figures 2.10c and 2.10d: in Cell #1, the electrolyte resistance is constant 
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throughout the 11 cycles. The charge transfer resistance significantly decreases after the 1st 

cycle during the increased interface surface area. More importantly, the internal resistance 

between the 6th and 11th cycles remains very consistent. On the other hand, in Cell #2, the 

internal resistances between the 6th cycle and the 11th cycle, immediately after the sudden 

potential drop, are distinctly different. The electrolyte resistance decreases from ~13 to ~ 

8 ohm, and more significantly, the charge transfer resistance is also reduced from ~ 30 ohm 

to 9 ohm. Both observations indicate a short-short between two SEI coated Li electrodes. 

 

Figure 2. 10 (a-b) Galvanostatic Li deposition-stripping curves and (c-d) EIS Nyquist plots of the 

symmetric Li||Li cells after certain cycles. 

(b) (a) 

(d) (c) 
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It is also worth noting that the overpotential does not drop to zero, which would occur in 

the case of pure metal-metal contact. Therefore, we refer to this type of internal short as a 

soft-short, 34which is caused by the contact of Li covered by the solid electrolyte interphase 

(SEI) layer through a breach of the separator. As evidence, the separator in the cell used in 

Figure 1b was replaced and the cell was subjected to continuous cycling. It is clear from 

this experiment that normal Li deposition-stripping can be resumed. Further evidence of 

soft-short is described in Figures 2.4 and 2.5.  

The symmetric Li||Li cells were cycled in all three electrolytes with a range of areal 

capacity from 1 to 4 mAh cm-2 and areal current from 0.5 to 2 mA cm-2. Figure 2.8c shows 

the representative cycling curves under various capacity and current combinations in 5 M 

LiFSI electrolyte. Clearly both areal current and areal capacity strongly affect the cycle life: 

the higher the current and capacity are, the shorter the cycle life becomes. (This statement 

is valid when adequate electrolyte is used in the cell. However, when under a low 

electrolyte/capacity ratio, the cycle life seems to have much weaker correlation to the areal 

capacity as shown in Figure 2.) Particularly, the Li||Li cells last fewer than 20 cycles with 

4 mAh cm-2 areal capacity and 2 mA cm-2 areal current. The correlation between cycle life 

and cycling parameters in all three electrolytes is summarized in Figure 2.8d, in which all 

data points were averaged from at least five repeated experiments. The first observation is 

that the cycle life (i.e., soft-short) has no strong correlation with the type and concentration 

of Li salt, although 1 M LiFSI electrolyte shows slight advantage under high areal capacity 

at 4 mAh cm-2. On the other hand, cycle life shows strong correlation with the areal capacity 

(depth of deposition-stripping): at a high capacity of 4 mAh cm-2, the cycle life is generally 
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short and seems unaffected by the areal current (rate of deposition-stripping). At a constant 

areal current at 2 mA cm-2, the cycle life clearly increases with decreased areal capacity. 

When the areal capacity is kept as low as 1 mAh cm-2, areal current appears to affect cycle 

life to a certain extent, as the longest cycle lives are found at the lowest current at 0.5 mA 

cm-2. These results unambiguously demonstrate the necessity of using realistic parameters 

to measure the cycle life of Li||Li symmetric cells when using liquid electrolytes or 

electrolytes with liquid components. 

The results above were obtained with a fixed 30 μL electrolyte, which translates to 

electrolyte/capacity ratios of 5, 12, and 24 mL Ah-1 at 4, 2, and 1 mAh cm-2, respectively 

(the surface area of the Li electrode is 1.266 cm2). We found that the electrolyte/capacity 

ratio can profoundly affect the cycle life of the Li||Li symmetric cells. Figure 2.11a 

displays the representative cycling curves in 5 M LiFSI electrolyte with 1 mAh cm-2 areal 

capacity using three electrolyte/capacity ratios: 47 mL Ah-1 (60 μL), 24 mL Ah-1 (30 μL), 

and 8 mL Ah-1 (10 μL). The cycle life of the Li electrode clearly decreases with decreased 

electrolyte/capacity ratio. To obtain a comprehensive understanding on the effects of the 

electrolyte/capacity ratio, we remeasured the cycle life of the Li||Li cells using 1 M LiPF6 

and 5 M LiFSI electrolytes, with a constant electrolyte/capacity ratio at 6 mL Ah-1 for 

comparison to the observations made with constant electrolyte volume of 30 μL as 

displayed in Figure 2.11b and 2.11c. It is interesting to see that the cycle life of Li electrode 

seems to be independent of areal capacity with the 6 mL Ah-1 electrolyte/capacity ratio. 

This observation indicates that with adequate electrolyte, the cycle life of Li||Li symmetric 

cells (where soft-short occurs) is correlated with the depth of Li deposition-stripping (areal 
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capacity). However, the electrolyte/capacity ratio dictates cycle life when the amount of 

electrolyte is limited.  

 

Figure 2. 11 Effect of electrolyte/capacity ratio on the cycle life of Li||Li symmetric cells. (a) 

Representative cycling curves of Li||Li symmetric cells in 5 M LiFSI electrolyte using different 

electrolyte/capacity ratio. Cycle lives of Li||Li symmetric cells in (b) 1 M LiPF6 and (c) 5 M LiFSI 

electrolytes under fixed amount of electrolyte versus fixed electrolyte/capacity ratio. 

To probe the direct cause of soft-short and its correlation to the electrolyte/capacity ratio, 

the deposited Li in 5 M LiFSI electrolyte was characterized using SEM after different 

cycles using 1mAh cm-2 capacity and 4 mAh cm-2 capacity at 0.5 C (giving a current of 0.5 

mA cm-2 and 2 mA cm-2, respectively). The SEM characterization confirms the porous 

structure of the deposited Li layer. Furthermore, it reveals that the thickness of the 

c 

a 
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deposited Li is much higher than the theoretic values as displayed in Figures 2.12a and 

2.12b. At the 10th cycle, the thickness of the deposited Li under 1 mAh cm-2 and 4 mAh 

cm-2 is approximately 27 µm and 140 µm while the theoretical thicknesses at those 

capacities are 5 µm and 20 µm, respectively. As Figure 2.12c shows, the thickness of the 

deposited Li layer in the first cycle is negatively correlated with the corresponding cycle 

life under all cycling parameters. This evidences that the drastic volume change of the Li 

electrode during cycling and the resultant mechanical strain on the separator is the cause 

of the separator breaching and the cell soft-shorting.  
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Figure 2. 12 SEM images illustrating the thickness of the deposited Li after 10 cycles under (a) 

1mAh cm-2 and (b) 4mAh cm-2 at 0.5 C using 30μL 5 M LiFSI electrolyte. (c) Relationship between 

thickness of the 1st Li deposition and cycle life in 5 M LiFSI electrolyte with different cycling 

parameters. (d) The thickness of deposited Li as the function of cycle number in 5 M LiFSI 

electrolyte. (e-h) Representative SEM images of deposited Li in 5 M LiFSI electrolyte. 
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This conclusion is reinforced by the observation that the thickness of the deposited Li layer 

continues increasing during cycling. The SEM images illustrating the increase of thickness 

are in Figures 2.13 and 2.14. 

 

Figure 2. 13 SEM images of the thickness measurement of the deposited Li layer in 5 M LiFSI 

electrolyte after (a) 5 cycles, (b) 10 cycles, (c) 20 cycles, (d) 30 cycles, (e) 40 cycles, (f) 50 cycles, 

(g) 60 cycles, (h) 70 cycles, and (i) 80 cycles. The areal current density is 0.5 mA cm-2 and the areal 

capacity is 1 mAh cm-2. 

(b) 
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Figure 2. 14 SEM images of the thickness measurement of the deposited Li layer in 5 M LiFSI 

electrolyte after (a) 1 cycle, (b) 2 cycles, (c) 3 cycles, (d) 4 cycles, (e) 5 cycles, (f) 6 cycles, (g) 7 

cycles, (h) 8 cycles, (i) 9 cycles, and (j) 10 cycles. The areal current is 2 mA cm-2, and the areal 

capacity is 4 mAh cm-2. 

Figure 2.12d plots the thickness of the deposited Li layer as the function of cycle number 

under 4 mAh cm-2 and 1 mAh cm-2 areal capacity using either fixed 30 μL electrolyte or 6 

mL Ah-1 electrolyte/capacity ratio (4 mAh cm-2 with 30 μL electrolyte fulfills both 

(h) 

(d) (f) (e) 

(b) 

(j) 

(g) 

(c) 

(i) 
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conditions). One can observe that the thickness of deposited Li under 4 mAh cm-2 and 1 

mAh cm-2 areal capacity (red diamonds versus blue stars in Figure 3d) undergoes a similar 

growth rate given the same electrolyte/capacity ratio at 6 mL Ah-1. Meanwhile, the 

comparison between the thickness growth under 1 mAh cm-2 with 30 μL electrolyte (24 

mL Ah-1) and 6 mL Ah-1 electrolyte/capacity ratio (blue stars versus black circles in Figure 

3d) clearly demonstrates that an adequate amount of electrolyte leads to much slower 

growth rates under the same areal capacity. The top-view SEM images in Figures 2.12e-

2.12h show that both in-depth deposition and low electrolyte/capacity ratio result in more 

porous deposition of Li (Figures 3e and 3f), and that the Li deposition becomes more and 

more porous as cycling continues, which is consistent with the observed increase of 

thickness (Figures 3g and 3h). Overall, these results can complement the conventional 

understanding of Li dendrite formation and its contribution to internal shorting. The 

classically defined dendrite structure was not observed under any conditions in our study; 

Instead, we observed drastic volumetric expansion of the Li electrode due to the porous 

deposition of Li and continuous side reactions, which include the chemical and 

electrochemical reductions of EC/DEC solvents and the PF6
-/FSI- anions. Therefore, we 

can conclude that repeated and increasing mechanical strain on the separator imposed by 

the growing volume of the Li electrode ultimately results in the breach of said separator 

and subsequent internal shorting of the battery.  
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Figure 2. 15 (a) The representative voltage and current profiles in the measurement of average 

coulombic efficiency. (b) Average coulombic efficiency of Li deposition-stripping in different 

electrolytes under different cycling parameters. Electrochemical potential of galvanostatic (c) 

stripping and (d) deposition of Li. 

Coulombic efficiency (CE) is another important parameter of a Li metal anode, since it is 

a strong indicator of the interfacial stability. In this study we measured the average CE 

based on an established method41 with slight modifications as detailed in the Supporting 

Information. Briefly, a thin layer of Li with known mass (i.e. total capacity) mechanically 

coated on a Cu substrate was used as the measured electrode instead of Li electrochemically 

deposited on Cu to improve the accuracy of the average CE. Figure 2.15a displays a typical 

applied current protocol and the potential response to calculate the average CE over 10 

cycles. The average CE under various cycling parameters in all three electrolytes are shown 

in Figure 2.15b. The most striking observation is that the LiFSI electrolytes are superior 

b 

d 

a 
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to the LiPF6 electrolyte in terms of CE regardless of cycling condition, and that the 5 M 

LiFSI electrolyte is better than the 1 M. It also clearly demonstrates that the average CE is 

closely related to the measurement conditions: in general, higher accumulated capacity 

(capacity multiplying cycle number) results in lower CE. Given the same accumulated 

capacity, a higher cycle number and/or a higher cycling current (rate) results in lower 

average CE.  

As stated above, CE is an indicator of the Li/electrolyte interfacial stability, which is 

reflected in the overpotential of Li deposition and stripping. Figure 2.15c and 2.15d show 

the potential profiles of galvanostatic stripping and deposition of Li in three-electrode cells 

using 0.5 mA cm-2 areal current. The 5 M LiFSI electrolyte demonstrates the lowest 

stripping and deposition overpotential, followed by 1 M LiFSI. The 1 M LiPF6 electrolyte 

delivers the highest overpotential for both stripping and deposition with large overshoot. 

The EIS measurement during the GITT Li deposition-stripping process demonstrates the 

charge transfer resistance in the three electrolytes in the consistent order: R5M LiFSI < R1M 

LiFSI < RLiPF6 (Figure 2.16). During the Li deposition, the Rct shows the following trend: Rct 

(1M LiPF6) > Rct (1M LiFSI) > Rct (5M LiFSI) as shown in the bottom panel in Figure 

2.16. Furthermore, the Rct in 1 M LiPF6 is much higher than those in the LiFSI electrolytes. 

During the Li stripping, the initial Rct in all three electrolytes are similar, which is 

consistent with the fact that Li is first stripped from the previously deposited. Nearing the 

middle of the stripping process, the Rct in 1 M LiPF6 is the first to increase, followed by 1 

M LiFSI. The Rct in 5 M LiFSI only moderately increases during the Li stripping. The 

rising Rct during Li stripping is consistent with the rising overpotential, which is mainly 
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due to the stripping bulk Li. Therefore, this observation indicates the worst CE in 1 M 

LiPF6 (i.e., first to reach stripping bulk Li with the highest Rct), followed by 1 M LiFSI and 

then 5 M LiFSI.  

 

Figure 2. 16 (Top) GITT Li deposition-stripping curves in Li||Li symmetric cells in three 

electrolytes and (bottom) the corresponding charge transfer resistance change. 

These Li working electrodes were produced using identical processes. Therefore, the 

different overpotentials and charge transfer resistances clearly originate from the 

passivation layer on the Li electrode formed by contact with the electrolyte. 
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Figure 2. 17 Chemical stability of Li electrode in different electrolytes: SEM images of Li electrode 

surface after soaking in (a) 1 M LiPF6, (b) 1 M LiFSI, and (c) 5 M LiFSI electrolyte; XPS F 1s 

spectra of Li electrodes surface after soaking in (d) 1 M LiPF6, (e) 1 M LiFSI, and (f) 5 M LiFSI; 

(g) XPS S 2p spectra of Li electrodes surface after soaking in the LiFSI electrolytes.  

Figures 2.17a to 2.17c display representative SEM images of the Li electrode surface after 

immersion in 1 M LiFP6, 1 M LiFSI, and 5 M LiFSI electrolytes for two days. And the 

corresponding EDS analysis result can be found in Figure 2.6. Clearly, the Li surface in 1 

M LiPF6 is severely pitted; the extent of pitting in the 1 M LiFSI is much less severe, while 

the Li surface in 5 M LiFSI does not show any indication of pitting. The elemental analysis 

via energy dispersive X-ray spectroscopy reveals that besides Li, the Li surface layer also 

contains carbon, oxygen, fluorine, phosphorus (in LiFP6 electrolyte), and sulfur (in LiFSI 

electrolytes) elements (details found in the Supporting Information). Figures 2.17d to 

2.17f are XPS F 1s spectra of the passivation layer formed in the three electrolytes. The Li 

surface in 1 M LiPF6 has substantial fluoride content that can be attributed to lithium 
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fluoride (LiF), which is produced from the decomposition of PF6
- anion. 42 We also believe 

that the presence of trace amounts of water in the electrolyte additionally intensifies the 

formation of LiF via the reactions between HF and potential surface species, including Li 

oxide, hydroxide, and carbonate. On the other hand, the intensity of LiF content on the Li 

surface in the LiFSI electrolytes, formed from the chemical reduction of FSI anion by Li 

metal, 43,44 is lower by more than one order of magnitude. The XPS S 2p spectra in Figure 

2.17g reveal the sulfur-containing species on the Li surface in the two LiFSI electrolytes. 

The S 2p peaks at 167.8 eV (S 2p3/2) represent the sulfonyl residue of the FSI anion, and 

the S 2p peaks at the higher binding energy of 169.7 eV (S 2p3/2) can be attributed to the 

sulfite (SO3
2-) and/or dithionite (S2O4

2-) groups from the chemical reduction of FSI anion 

by Li metal. 42,45 Still, the most prominent peaks are the ones at 160.7 eV (S 2p3/2) attributed 

to Li sulfide (Li2S), 46,47 which also originate from the chemical reduction of FSI anion. 43-

45 The overall Li surface composition analysis from XPS can be found in the Supporting 

Information. The XPS results clearly indicate that the high overpotential of deposition and 

stripping of Li in 1 M LiPF6 electrolyte is due to the passivating LiF content on the surface, 

which also contributes to the lower CE. On the other hand, lower LiF content on the Li 

surface in the LiFSI electrolytes results in lower overpotential. The quantitative analysis of 

the sulfide content in the Li surface layer (Figure 2.18) in the LiFSI electrolytes seems 

consistent with the relative magnitude of the deposition-stripping overpotential. 
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Figure 2. 18 Atomic concentration of Li electrode surface after soaking in different electrolyte 

for 2 days from XPS analysis. 

Given the combination of average CE measurement, Li deposition-stripping overpotential, 

and the surface SEM and XPS analyses, it is unambiguous that high-concentration LiFSI 

electrolyte improves Li/electrolyte interface stability, which is consistent with the previous 

findings, 6-8,10 although its effect to the improvement of cycle life (particularly under high 

areal capacity) is not distinct. 
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2.4 Conclusions 

In this study, we examined the cycle life of thin Li electrode in carbonate electrolytes under 

the effects of varied areal capacity, current, type and concentration of Li salt, and the 

electrolyte/capacity ratio. The failure mechanism of the Li||Li symmetric cell was 

determined to be soft-shorting induced by the continuous Li volume expansion due to 

porous deposition. The rate of Li electrode volume expansion is correlated with the 

electrolyte/capacity ratio; the porous Li deposition grows faster under leaner electrolyte 

conditions. With limited electrolyte, the cycle life of a thin Li electrode is dictated by the 

cycling parameter, showing no strong correlation with the type and concentration of 

electrolytes. On the other hand, the average CE is clearly affected by the electrolyte; the Li 

deposition-stripping in the LiPF6 electrolyte demonstrated the highest overpotential and 

the lowest CE compared to the LiFSI electrolytes. The surface chemical analysis indicates 

that the LiF-rich surface layer formed in the LiPF6 electrolyte may be the cause for this. 

The Li electrodes in the LiFSI electrolytes, particularly in the high concentration electrolyte, 

show much lower overpotential and improved CE, which can be attributed to a more stable 

interface. This study provides realistic performances of thin Li electrodes in liquid 

electrolytes with practical parameters, which are conditions that should serve as the 

baseline for future investigations.  
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Chapter 3: Identification of failure mechanism study of Li metal batteries 

3.1 Introduction 

In order to better enable the electric vehicles-low cost and long range, the study on next generation 

high energy density Li metal batteries has been stimulated, as the traditional Li-ion batteries can 

not fulfill the requirements for long range and low cost electric vehicles.1 The short cycle life and 

safety issue hindered the commercialization of Li metal batteries. In order to improve the 

performance of Li metal batteries, the failure mechanism should be clearly understood. 

The well accepted failure mechanism of Li metal anode were mainly including: electrolyte 

depletion,2-4 loss of Li inventory,5 and the increased concentration overpotential. 6 

The cell component of the Li metal batteries consists Li metal electrode, Li transition metal oxide 

cathode, and organic electrolyte. In order to identify the failure mechanism of the Li metal batteries, 

the thorough analysis on these three parts should be considered. 

Li||Li symmetric cell is not a good experiment set up to evaluate the failure mechanism for Li metal 

batteries since the normal testing protocol for Li metal batteries involve the slow deposition rate 

and fast stripping rate for Li metal anode part, while the Li||Li symmetric cell can not deconvolute 

the effect of the counter electrode. In order to identify the failure mechanism of Li metal batteries, 

the experiment set up should based on the Li metal batteries. 
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3.2 Experimental methods 

3.2.1 Materials 

 The electrolyte containing 1M LiPF6 in the mixture of EC/DEC =50:50 (V/V), battery 

grade was purchased from Sigma-Aldrich. The single crystal LiNi0.6Mn0.2Co0.2O2 

(NMC622) was purchased from Targray Technology International Inc.. 

3.2.2 Electrodes preparation for cion-cells and pouch cells 

The lab-made thin Li foil (50 μm in thickness) was prepared using a previously reported 

method.7 The cathode slurry was prepared by mixing 90 wt.% NMC622, 5 wt.% carbon 

black (Supper C65), and 5 wt.% polyvinylidene fluoride (PVDF, Sigma-Aldrich, 

Mw~534,000) in N-Methyl-2-pyrrolidone (NMP, Anhydrous, 99.5%, Sigma-Aldrich) 

through centrifugal mixer (Thinky, AR-100) for 15 mins. All the materials in the slurry 

preparation except NMP were dried under vacuum at 70°C for 24 hours prior to use. NMP 

were dried with the 3Å molecular sieves prior to use. The weight ratio of liquid to solid in 

the slurry was 1.65. The slurry was coated with an automatic tape casting coater (MTI 

corporation) onto an aluminum current collector (16μm, Gelon LIB Group) with the film 

applicator set to 300 μm to make 3 mAh cm-2 NMC622 cathode. The coated electrodes 

were transferred into the glovebox and dried at room temperature for 12 hours. Then the 

electrodes were dried under vacuum inside glovebox at 120°C for 12 hours prior to use. 

The thickness of electrodes were controlled by calendaring process through mechanic roller. 
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3.2.3 Cell assembly and electrochemical experiments  

CR-2016 type coin cells (Gelon LIB Group) were used in the measurements of the 

LiNMC622 cell cycling performance. Celgard-2400 was used as the separator. The 

amount of electrolyte in the pouch cells was kept at 3 g Ah-1. The cycling experiments were 

performed with Neware battery testers. All the Li||NMC622 cells were tested under 

galvonastatically charging to 4.3 V and then hold the voltage at 4.3 V until the current 

dropped less than C/30. After that, galvonastatically discharging the cell until voltage less 

than 2.5 V. The C rate for formation cycles were kept C/20 for charging and discharging. 

After formation cycles, using C/10 for charging and C/3 for discharging. And all the 

constant voltage holding until the current less than C/30. 
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3.3 Results and discussion 

The Li metal battery was consists of: Li metal anode with thickness of 50 um on Cu current 

collector, the standard electrolyte using 1M LiPF6 in EC/DEC (50:50, volume ratio) with 

electrolyte amount to capacity ratio of 3g Ah-1, NMC622 cathode with area loading of 

~3mAh cm-2.  

Table 3. 1 Cell parameters and testing conditionals for the Li||NMC622 cell. 

 

 

Parameter Value 

Discharge capacity 180 mAh g-1 

Active material loading 90% 

Area capacity (each side) 3.0 mAh cm-2 

Electrode thickness (each side) 90 μm 

Li anode Thickness (each side) 50 μm 

Electrolyte E/C ratio 3.0 g Ah-1 

Testing Conditions Formation current C/20 

Constant voltage current limit C/30 

Cycling charging current 

Cycling discharging current 

C/10 

C/3 

After cell dead (capacity drops till near zero), the cell then do the following steps as shown 

in Figure 3.1: 

1. Resume the cycling under the current of C/20 for 3 cycles; 

2. Disassemble the cell, replace the cycled Li metal anode with a new Li metal anode 

then cycling under the current of C/20 for 1cycle; 

3.  Disassemble the cell, change back the cycled Li metal anode, add additional 

electrolyte then cycling under the current of C/20 for 3 cycles then cycling under 

C/10 for charging and C/3 for discharging 

4. Disassemble the cell, replace the cycled Li metal anode with a new Li metal anode 

and add additional electrolyte, then then cycling under the current of C/20 for 3 

cycles then cycling under C/10 for charging and C/3 for discharging 
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Figure 3. 1 Schematic diagram illustration of the experimental design for identification of failure 

mechanism for Li metal batteries. 

The cycling performance of the Li||NMC622 cell was demonstrated in Figure 3.2. The 

original cell was dead after cycling for ~45 cycles. When resume the cycling under the 

current of C/20, the discharging capacity increased from near zero to 1.5 mAh cm-2 and 

then dropped for the following cycles, which interpret the large concentration overpotential 

generated in the cell. By only replacing a new Li metal anode (no additional electrolyte), 

the cell still able to cycling, which indicated the electrolyte was not fully depleted. Then if 

using the old cycled Li metal anode with additional electrolyte, the discharging capacity 

increased to near the original capacity. However, the capacity still dropped for the 

following cycles, which indicated the electrolyte amount was one of the cause for the large 
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overpotential. Lastly, the cell using the new Li metal anode with additional electrolyte, the 

discharging capacity was stable for the eight cycles, which indicated the major cause for 

the large overpotential was originated from Li metal anode.  

 

Figure 3. 2 Cycling performance of Li metal batteries. 

The Li source remaining for the Li metal anode has also been evaluated by stripping the 

cycled Li metal anode (till 1V in Li||Li symmetric cell) as shown in Figure 3.3. The Li 

metal consumption rate could be calculated by the following equations: 

 

where  is the Li consumption rate,  is the total capacity of Li consumed during 

cycling,  is the original Li source capacity, is the original weight of Li metal foil 

(~50 𝜇m), 3.86 is the specific capacity of Li metal (~3.86 mAh g-1), is the stripping 

current for the Li||Li symmetric cell, is the total stripping time after the stripping 
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voltage reaches 1V, is the cell total discharging capacity during the cycling, 

 is the cell discharging capacity of the ith cycle. 

Take an example of the Li||NMC622 cell with the weighted Li metal foil of 5.32mg. The 

total discharging capacity is 0.1165Ah, the total stripping time is 31.9h under the stripping 

current of 0.3mAh cm-2 (5/8 inch in diameter for Li metal electrode). The calculated Li 

consumption rate is 1.389%, which means there will be Li consumed (1.389% of the total 

discharging capacity on average) from original Li source in each cycle. 

Table 3. 2 Summary of the discharge capacity by changing parts after cell dead 

Change parts after dead Capacity increase Indication 

Original cell Drop to 0 after 45 cycles Cell dead 

Resume at C/20 Increase to 1.5 mAh cm-2, but 

dropped for the following cycles 

Large concentration 

overpotential 

Replace Li only (no 

additional electrolyte) 

Increase to 1.5 mAh cm-2 Electrolyte not fully 

depleted 

Add electrolyte only (change 

back to the cycled Li) 

Increase to 3 mAh cm-2, but 

dropped for the following cycles 

Electrolyte amount is the 

major cause for large 

overpotential 

New Li and additional 

electrolyte 

Increase to 3 mAh cm-2 and 

stable for the following cycles 

large overpotential comes 

from Li metal anode 
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Figure 3. 3 Illustration of the remaining Li source evaluation by Li||Li symmetric cell. d) Example 

of voltage profile for the Li stripping in Li||Li symmetric cell using the cycled Li metal anode under 

the current of 0.3 mA cm-2. 
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3.4 Conclusion 

In conclusion, the cell components including Li metal anode, electrolyte and Li transition 

metal oxide cathode should be thoroughly evaluated for studying the failure mechanism of 

Li metal battery. In this specific example of the (~50 μm)Li||NMC622 (3mAh cm-2 loading) 

with electrolyte to capacity ratio of 3g Ah-1, the cell failure was mainly originated from Li 

metal anode and electrolyte. In addition, the electrolyte in the highly porous Li 

(accumulated dead Li and the deposited Li) was the cause for the large overpotential. The 

capacity loss from NMC622 cathode is negligible for this specific example. The electrolyte 

is not fully depleted and the Li metal anode still have large amount of Li source which is 

contradictory against the literature. (add reference) The concentration overpotential 

increasing is more dominant for the total overpotential increase rather than the SEI and 

charge transfer increase in Li metal anode. The concentration overpotential increasing is 

mainly due to the high tortuosity in the porous Li (accumulated dead Li and deposited Li) 

and the decreasing of the effective diffusion coefficient. (Add reference)  
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Chapter 4: Regulating Lithium Deposition via Electropolymerization of 

Acrylonitrile in Rechargeable Lithium Metal Batteries 

4.1 Introduction 

The resurrection of Li metal anode has been seen in recent years due to the demand for 

lithium-ion batteries to achieve 500 Wh kg-1 specific energy 1, 2. It is recognized that Li 

deposition in liquid electrolytes is always accompanied by chemical and electrochemical 

decomposition of the anions and solvents. The decomposition products instantaneously 

passivate the Li surface, which results to intrinsic porous structure (i.e., mossy Li) with 

significant volume expansion. These continuous parasitic reactions also lead to low 

coulombic efficiency (CE) of Li metal anode, fast electrolyte depletion, and formation of 

dead Li 3. A strategy to improve Li metal anode is to implement a stable artificial solid 

electrolyte interphase (SEI) that alleviates electrolyte decomposition and enables uniform 

interfacial current. The artificial SEIs can be prepared via ex situ methods as reported in 

the synthesis of lithium fluoride (LiF) 4-9, lithium nitride (Li3N) 10-13, polyethylene oxide 

14-17, and Al2O3/polyvinylidene fluoride-hexafluoropropylene SEIs 18-20. These ex-situ 

methods often involve complex processes and strict environment control that could be 

impractical. Furthermore, if the ex situ implemented SEI were compromised during the Li 

deposition-stripping, such as LiF layer rupture under continuous structure change 21 or 

anodic decomposition of Li3N 22, there would be no means to repair. Therefore, in situ 

formation of artificial SEI via electrolyte additives can be a superior strategy. The in situ 

formation of inorganic-rich SEI such as LiF is typically achieved via cathodic 

decomposition of fluorinated co-solvents 23-26, while organic-rich SEI can be obtained via 
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electropolymerization of organic compounds such as the ones containing vinyl group 27-31. 

In this study, we investigate acrylonitrile (AN) as an SEI-forming additive for Li metal 

anode via electropolymerization. Polyacrylonitrile (PAN) was known as an excellent 

candidate for polymer electrolytes due to the coordination between the nitrile group (CN) 

and Li cation 32-34. Our focus is to understand the effect of the PAN SEI on the Li anode 

deposition-stripping and the subsequent performance of full cells using the 

LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode.  

4.2 Experimental Methods 

4.2.1 Materials 

The solvent of the electrolyte is a mixture of ethylene carbonate (EC, anhydrous, 99%, 

Sigma-Aldrich) and diethyl carbonate (DEC, anhydrous, ≥99%, Sigma-Aldrich) with 1:1 

volume ratio. 3Å molecular sieves (Sigma-Aldrich), after vacuum drying at 300C for 24 

hours inside an argon-filled glovebox, were used to remove the water residue from the 

solvents. LiFSI (99%, Oakwood Chemical) was dried under vacuum at 80C inside the 

argon-filled glovebox for 24 h prior to use. Acrylonitrile (≥99%, Sigma Aldrich) was re-

distilled then dried with 3Å molecular sieves prior to use. LiNi0.6Mn0.2Co0.2O2 (NMC622) 

was purchased from Targary Technology International Inc.. 

4.2.2 Cell assembly and electrochemical experiments 

The thin Li foil (50 μm in thickness) was prepared using a previously reported method 3. 

The double-side Li metal anode was prepared by sandwiching a copper foil with two 50-

μm Li metal foil, and pressed with a mechanical roller. The cathode slurry was prepared 
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by mixing 90 wt.% NMC622, 5 wt.% carbon black (Supper C65), and 5 wt.% 

polyvinylidene fluoride (PVDF, Sigma-Aldrich, Mw~534,000) in N-Methyl-2-pyrrolidone 

(NMP, Anhydrous, 99.5%) by ball milling (Fritsch, Pulverisette 23) for 15 mins inside the 

argon-filled glovebox. All the materials in the slurry preparation except NMP were dried 

under vacuum at 70°C for 24 hours prior to use. NMP were dried with the 3Å molecular 

sieves prior to use. The weight ratio of liquid to solid in the slurry was 1.58. The slurry was 

coated with an automatic tape casting coater (MTI corporation) onto an aluminum current 

collector with the film applicator set to 300 μm to make 3 mAh cm-2 NMC622 cathode. 

The coated electrodes were transferred into the glovebox and dried under vacuum at 120°C 

for 12 hours prior to use. Single-sided and double-sided cathodes were prepared for coin 

cells and pouch cells, respectively.  

CR-2016 type coin cells were used in the measurements of the LiLi symmetric cell cycle 

stability. Celgard-3501 was used as the separator. All LiLi symmetric cells contained 30 

μL electrolyte. Pouch cell were assembled inside an argon-filled glovebox. The amount of 

electrolyte in the pouch cells was kept at 4 g Ah-1. A lab-made pouch cell test holder 

(Figure 4.1) was used during cycling.  
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Figure 4. 1 Optical images of (a) NMC622 electrode (3.8 cm × 5.9 cm), (b) Li metal anode (4.0 

cm × 6.0 cm), (c) assembled pouch cell, and (d) testing holder for LiNMC622 pouch cells.  

The cycling experiments were performed with either Arbin or Neware battery testers. 

Linear sweep was carried out in a three-electrode cell (Gamry) with a Gamry potentiostat 

(Reference 1000). Two pieces of Li foil (99.9%, Alfa Aesar) were used as the counter and 

reference electrode, and a glassy carbon plate (Alfa Aesar) was used as the working 

electrode. 

(a) (b) 

(d) 

(c) 
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4.2.3 Coulombic efficiency measurement 

CR-2016 type coin cells were used to measure the average coulombic efficiency: a lab-

made Li foil with the thickness around 50 μm was first weighed and then pressed to a Cu 

substrate as the working electrode. Another identically made Li electrode was used as the 

counter electrode without weighing. Galvanostatic stripping was first applied to the 

working electrode under certain current for a certain period of time, followed by deposition 

with the same current and same period of time to complete one cycle. After a set number 

of cycles, any remaining Li on the working electrode was completely stripped using a 0.5 

mA cm-2 current until the stripping cutoff potential (1 V) was reached. Representative 

voltage and current profiles in the measurement of average CE is shown in Figure 4.2. The 

average CE can be calculated from the following equation:3 

𝐶𝐸𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =
(𝑇𝑠×𝐽+𝑛×𝐶𝐶)×𝐴

𝑚𝐿𝑖×𝑄+𝑛×𝐶𝐶×𝐴
 (1) 

where 𝑛 is the cycle number; 𝐶𝑐 is the cycling capacity (e.g., 2 mAh cm-2 with 1mA cm-2 

cycling for 1h); 𝑇𝑠 (hour) is the time to complete the stripping of the working electrolyte; 

𝐽 is the current to complete stripping (0.5 mA cm-2), 𝐴 is the area of the working electrode 

(1.266 cm-2), and 𝑚𝐿𝑖 is the original mass (in mg) of the Li on the working electrode. Q is 

the theoretical capacity of Li (3.86 mAh mg-1). 
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Figure 4. 2 Representative voltage and current profiles in the measurement of average CE. 

CE of Li deposition-stripping in Li||Cu cells was also measured using CR-2016 type coin 

cells with 1 mAh cm-2 areal capacity. A Cu foil and a Li foil (750 μm) was used as the 

working electrode and the counter electrode, respectively. The electrolyte amount in the 

Li||Cu cells was controlled at 15 μL for each cell. Two areal currents were used including 

0.5 mA cm-2 and 1 mA cm-2. The stripping potential limit was set at 1 V vs. Li+/Li. 

4.2.4 Characterization methods 

The surface morphology and the thickness of the electrode were characterized using 

scanning electron microscope (SEM, Nova Nano S450, 10 kV). The samples were retrieved 

in an argon-filled glovebox and washed with dimethyl carbonate thoroughly to remove the 
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residual electrolyte. Prior to the SEM characterization, the samples were dried at room 

temperature for 24 hours inside the argon-filled glovebox. The samples were then 

transported to the SEM facility inside a stainless-steel tube with KF-flange sealing. The 

samples were loaded in the SEM using a glove-bag with argon purging gas without 

exposing to ambient environment. The elemental mapping of the samples was collected 

using an Energy Dispersive X-ray (EDX) spectrometer coupled with the SEM. X-ray 

photoelectron spectroscopy (XPS) data were collected using Kratos AXIS Supra (Al 

Kα=1486.7 eV) at UC Irvine Materials Research Institute (IMRI). The samples were 

prepared following the same procedure for SEM samples. The samples were transported to 

the XPS facility inside a stainless-steel tube with KF flange sealing filled with argon. 

Finally, the samples were loaded in the sample chamber in the glovebox integrated with 

Kratos AXIS Supra for XPS analysis. All peaks of XPS data were calibrated with the 

reference peak of C 1s at 284.6 eV (the adventitious carbon). The relative sensitivity factor 

for C 1s, O 1s, F 1s, S 2p, N 1s, and Li 1s were given as 0.278, 0.736, 1, 0.723, 0.477 and 

0.025, respectively. The relative atomic ratio was calculated from the following equation:  

𝑅𝐴𝑖 =
𝐴𝑖

𝑆𝑖
⁄

∑𝐴𝑖
𝑆𝑖

⁄
× 100%  (2) 

where RAi is the relative atomic ratio of component i, Ai is the area of the deconvoluted 

peak of component i, and Si is the relative sensitivity factor for component i.  
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4.2.5 Computational Method 

Classical molecular dynamics (MD) simulation is used to calculate the solvation structure 

via Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).[35] The 

compositions of bulk electrolytes are exactly the same as experiment setup with 267 LiFSI 

molecules in a 50×50×50 Å3 cubic simulation box. The initial configuration is obtained by 

PACKMOL (as shown in Figure 4.3) 36.  

 

Figure 4. 3 The initial molecular dynamics simulation cell of (a) LiFSI in EC/DEC and (b) LiFSI 

in EC/DEC with AN. 

The Optimized Potentials for Liquid Simulations All Atom(OPLS-AA) force field was 

used for EC and DEC. The force field parameters for Li cation is from Jensen and 

Jorgensen 37, for FSI anion is from Shimizu et. al. 38. Lorentz-Berthelot mixing rule was 

used for van der Waals (vdW) interactions between different type of atoms. For the 

electrostatic potential, the atomic partial charges were derived from first principles 

calculation at the Hartree-Fock/aug-cc-pvdz level via the restrained electrostatic potential 

(RESP) method available from NWChem 39,40. Particle-particle particle-mesh (PPPM) 

(a) (b) 
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method was used to describe the long-range electrostatic interactions with the grid size of 

1 Å 41. The cutoff distance for vdW and real-space electrostatic interactions is set as 15 Å. 

Periodic boundary conditions are applied to all three dimensions. In order to avoid the local 

confined configuration at room temperature, an annealing procedure is used before the 

system is equilibrated 42. All the systems were first equilibrated in the isothermal-isobaric 

(NPT) ensemble with the Nose-Hoover thermo/barostat at 298 K and 1 atm for 2 ns. Then, 

the annealing process was performed for all systems in the canonical (NVT) ensemble with 

the Nose-Hoover thermostat. All the systems were heated from 298 K to 450 K for 1 ns, 

equilibrated at 400 K for 1ns and annealed from 450 K to 298 K for 1 ns. All the systems 

were equilibrated for 5 ns in the NVT ensemble at 298 K, and the solvation structure is 

directly taken from the final snapshot of the equilibrated system. The time constant of all 

molecular dynamics simulations is set as 1 ps . 

To calculate the reduction potential, the solvation structure was further optimized with 

density functional theory (DFT) via NWChem. The DFT calculation was performed at the 

level of Perdew-Burke-Ernzerhof(PBE)/6-31+G(d,p) for its excellent combination of 

efficiency and accuracy compared to higher-level methods 43. The solvent effect is 

accounted for by applying the Conductor-like Screening Model (COSMO) with the 

dielectric constant of 46.2925 for the organic electrolyte 44. The vertical reduction potential 

related to Li||Li+ can be calculated from 

 

( ) ( )( )0 0reduced
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where reductionG
 is the Gibbs energy of the reduction in the gas phase at 298.15 K, 

0

solvG
 

is the Gibbs energy of solvation, and F is the Faraday constant. 

4.3 Results and Discussion 

Our previous study suggests that 5 M lithium bis(fluorosulfonyl)imide (LiFSI) in the 

mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a 1:1 volume ratio 

is a good baseline electrolyte to deliver reasonable cycle stability and CE of Li anode [3]. 

Therefore, this electrolyte is selected for this study. Figure. 4.4a displays the cathodic 

linear sweep on a glassy carbon working electrode in the electrolyte with and without AN 

(AN is 0.5 wt.% in all electrolytes). A distinct reduction peak at 0.9 V vs. Li+/Li is observed 

in the electrolyte with AN, which can be attributed to the electropolymerization of AN. 

The cathodic current at 0 V in the electrolyte with AN is significantly lower than that in 

the electrolyte without AN, which is another indication of the formation of an interfacial 

layer. The galvanostatic Li deposition curve in the electrolyte with AN (Figure. 4.4b) 

demonstrates a higher initial overpotential, which also indicates the formation of a SEI on 

the Li surface. The theoretical study provides further evidence of electropolymerization of 

AN: Figure. 4.4c displays the representative Li+ solvation structures with and without AN 

([Li(EC)3AN]FSI vs. [Li(EC)3]FSI), obtained from the molecular dynamics simulation. 

According to the density functional theory (DFT) calculations, the cathodic decomposition 

potentials of the Li+ solvation in the presence of AN is 1.73 V vs. Li+/Li, which is 0.585 V 

higher than that without AN. Figure. 4.4d shows the DFT predictions for the cathodic 

stability of three Li+-solvent pairs (Li+-AN, Li+-EC, and Li+-DEC) and the Li+-FSI- pair in 
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the electrolyte. Li+-AN has the highest reduction potential vs. Li+/Li. These computational 

results suggest that AN can be electropolymerized prior to the decomposition of the 

electrolyte. In addition, the bond dissociation energy (BDE) for C≡N and C=C bonds in 

AN in both gas phase and solution phase (the [Li(EC)3AN]FSI configuration in Figure. 

4.4c) is also calculated in Table. 4.1. 

Table 4. 1 Bond dissociation energy in gas and solution phase for C≡N and C=C in AN. 

Bond Gas phase (kJ mol-1) Solution Phase (kJ mol-1) 

C≡N 482.41 472.76 

C=C 388.03 383.52 

The theoretical calculation shows that the BDE of the CN triple bond is much higher than 

that of the C=C double bond. Therefore, the CN group should be intact during the 

electropolymerization of PAN. 
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Figure 4. 4 (a) Cathodic linear sweep at 1 mV s-1 scan rate and (b) galvanostatic Li deposition 

curves at 1 mA cm-2 in 5 M LiFSI electrolytes without and with AN additive; (c) Calculated 

reduction potential of the representative Li+ solvation structures; (d) Calculated reduction potential 

of Li+-AN, Li+-EC, Li+-DEC, and Li+-FSI- pairs; SEM images of Li deposited on Cu 

galvanostatically (0.05 mA cm-2) for 20 minutes in 5 M LiFSI electrolytes (e) without and (f) with 

AN additive. 

To illustrate the effect of the electropolymerized polyacrylonitrile (PAN) SEI on the 

nucleation of Li deposition, galvanostatic Li deposition under 0.05 mA cm-2 (low current 

to minimize concentration polarization) was performed for 20 mins (short deposition to 

avoid extensive Li growth), and the morphology of the Li nucleation was observed with 

scanning electron microscope (SEM). As displayed in Figure. 4.4 e, the Li nuclei from the 

electrolyte without AN are bulky, with the size on the order of micrometers and nucleation 

sites randomly distributed on the substrate. In stark contrast, the Li nuclei from the 
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electrolyte with AN are much smaller and more uniform as shown in Figure. 4.4f. This 

observation is a strong indication that the in-situ formation of PAN-SEI results to more 

uniform interfacial current. 

 

Figure 4. 5 (a) F 1s, (b) S 2p, (c) N 1s XPS spectra, and (d) the atomic percentage of F, S and N 

after chronopotentiometry at 0.5 V vs. Li+/Li in the electrolytes with and without AN additive. 

The surface composition of the electropolymerized PAN was analyzed with the X-ray 

photoelectron spectroscopy (XPS). The reductive chronopotentiometry at 0.5 V vs. Li+/Li, 

which is below the electropolymerization potential of AN identified in Figure. 4.4a, was 

performed for 1 hour in both electrolytes on Cu working electrodes. Figure. 4.5a to 5c 

display the F 1s, S 2p, and N 1s XPS spectra after the chronopotentiometry. The top panels 

are the spectra from the electrolyte with AN and the bottom panels are from the electrolyte 

without AN. The C 1s, and O 1s spectra can be found in Figure 4.6.  
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Figure 4. 6 (a) C 1s and (b) O 1s XPS spectra after chronopotentiometry at 0.5 V vs. Li+/Li in the 

electrolytes with and without AN additive. 

The F 1s spectra indicate the F-containing reduction product from both electrolytes is 

mainly lithium fluoride (LiF) indexed by the peak at 684.5 eV 3. The S 2p spectra show 

(a) (b) 
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reduction products including lithium sulfide (Li2S), lithium disulfide (Li2S2) 
45, and 

dithionite or sulfite (169.7 eV) 46 from the decomposition of FSI anions. In the N 1s spectra, 

in addition to Li3N (396.5 eV) 47 and the imine compounds (399.2 eV) from the FSI 

decomposition, the spectrum from the electrolyte with AN shows a distinct peak at 400.8 

eV, which is attributed to the CN group in PAN 48. As indicated by the atomic ratios of F, 

S, and N shown in Figure. 4.5d, the side products from electrolyte decomposition with AN 

additive are much less than those from the electrolyte without AN.  

 

Figure 4. 7 Top-view SEM images of galvanostatic (1mA cm-2) Li deposition in 5 M LiFSI 

electrolyte (a-c) without and (e-g) with AN additive after 2 min (a, e), 5min (b, f), and 15min (c, 

g); Cross-section SEM images showing the thickness of Li deposition in 5 M LiFSI electrolyte (d) 

without and (h) with AN additive under 1mA cm-2 after 30 min. 

The structure and morphology of Li deposition under constant current (1 mA cm-2) as a 

function of time was characterized with SEM as shown in Figure. 4.7. After 2-min 

deposition (Figure. 4.7a and 7e), the Li deposition from the electrolyte with AN shows 

distinctly more uniform morphology, which is consistent with the Li nucleation behaviors 

observed in Figure. 4.4e and 4.4f. After 5-min and 15-min deposition (Figure.4.7b-3.7c 

and 4.7f-4.7g), the difference in the Li structure becomes more distinct: the Li deposited 
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from the electrolyte without AN is porous and composed of whiskers; on the other hand, 

the Li deposited from the electrolyte with AN demonstrates dense and uniform structure, 

which is validated by the cross-section images in Figure. 4.7d and 4.7h: The thickness of 

the Li deposition after 30 mins in the electrolyte with AN is measured as 6.5 μm, almost 

50% thinner than the Li deposited in the electrolyte without AN additive (9.7 μm). The 

energy-dispersive X-ray spectroscopy (Figure 4.8) confirms the higher N content in the 

surface of Li deposited from the electrolyte with AN additive. 
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Figure 4. 8 SEM images of deposited Li anode under constant voltage at -50 mV vs. Li+/Li for 1 

hour in electrolyte with (b, d) and without (a, c) AN additive. The corresponding EDX spectra and 

elemental mapping of deposited Li anode under constant voltage at -50 mV for 1 hour in electrolyte 

with (e, g, h) and without (f, I, j) AN additive. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) (i) (j) 
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Figure 4. 9 (a) Representative cycling curves of Li||Li symmetric cells in lean electrolyte (30 μL) 

under 1mA cm-2 current and 1mAh cm-2 areal capacity; (b) Average CE of Li deposition-stripping 

in 5 M LiFSI electrolyte with and without AN additive under various cycling conditions (e.g., 0.5 

mA cm-2_8h_10cycle means 10 cycles using 0.5 mA cm-2 with 8-h deposition and 8-h stripping); 

(c) Cycling performance of 0.4 Ah Li||NMC622 pouch cell (50-μm Li anode and 3 mAh cm-2 

cathode areal capacity) in lean electrolyte at C/10 charging and C/3 discharging rate. 

The uniform and dense Li deposition enabled by AN additive can significantly improve 

the cycle stability and CE of Li anode. Figure. 4.9a shows the comparison of cycling curves 

of Li||Li symmetric cell with and without AN additive. Thin Li anode (50 μm) and 30 μL 

electrolyte was used in the symmetric cells that were cycled at 1 mA cm-2 with 1 mAh cm-

2 areal capacity. The cycle life (end of life defined by the sudden potential drop, i.e., soft 

short) of the Li||Li symmetric cell with AN additive was almost three times longer than that 

of the symmetric cell without AN. In addition, the average CE of Li deposition-stripping 
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shown in Figure. 4.9b under various cycling parameters (current, deposition/stripping time, 

and number of cycles) with AN is consistently higher than that without AN. The CEs of Li 

deposition-stripping as the function of cycle number in Li||Cu cells with 1 mAh cm-2 areal 

capacity (0.5 mA cm-2 and 1 mA cm-2) also indicate the superior performance of AN-added 

electrolyte (Figure 4.10). 

 

Figure 4. 10 Li deposition-stripping CE vs. cycle number from Li||Cu cells with 1mAh cm-2 areal 

capacity under (a) 0.5mA cm-2 and (b) 1mA cm-2 currents. 

Li||NMC622 pouch cells with 0.4 Ah capacity were assembled using the 50-μm Li anode 

and NMC622 cathode with areal capacity of 3 mAh cm-2. The amount of electrolyte used 

in the pouch cells is kept at 4 g per Ah, and the cells were discharged at 1 mA cm-2 (C/3) 

and charged at 0.3 mA cm-2 (C/10) after the initial formation cycles (3 cycles at C/20 for 

both discharge and charge). The specific energy of the 0.4 Ah pouch cell is approximately 

245 Wh kg-1, and the cell parameters are listed in Table 4.2. 
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Table 4. 2 Cell parameters of the 0.4Ah Li||NMC622 pouch cell. 

 Parameter Value 

NMC622 Cathode 

Discharge capacity 180 mAh g-1 

Active material loading 90% 

Area capacity (each side) 3.0 mAh cm-2 

Electrode thickness (each side) 90 μm 

Number of layers 3 

Li anode Thickness (each side) 50 μm 

Electrolyte E/C ratio 4.0 g Ah-1 

Cell Nominal voltage 3.7 V 

Capacity 0.4 Ah 

Cell specific energy density 

Dimensions  

245Wh kg-1 

4 cm  6 cm 

Figure. 4.10c shows the comparison of cycle stability of the pouch cells using electrolytes 

with and without AN. The discharge capacity of the Li||NMC622 pouch cell without AN 

additive quickly decreases after 20 cycles. On the contrary, the pouch cells with AN 

additive can retain 2.54 mAh cm-2 capacity (capacity retention: 84.7%) after 120 cycles. It 

is worth noting that the Li||NMC622 full cells using thick Li metal anode (600 m) 

demonstrate identical cycle stability with and without AN additive in Figure 4.11. This 

further demonstrates that AN additive improves the stability of Li anodes with realistic 

thickness. 
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Figure 4. 11 Electrochemical performance of LiNMC622 cell using 600-µm Li anode and 50 μL 

electrolytes with and without AN. 

 

Scheme 4. 1 The mechanism of uniform Li deposition enabled by the PAN-SEI from in situ 

electropolymerization of AN additive. 

4.4 Conclusion 

In this study, we revealed acrylonitrile as an effective electrolyte additive enabling uniform 

Li deposition with improved coulombic efficiency. As illustrated in Scheme 4.1, Li 

deposition on the Li anode surface without the PAN-SEI results to a severe passivation 

layer from the decomposition of electrolyte solvents and FSI anions. With the AN additive, 

PAN is formed by electropolymerization prior to the decomposition of the electrolyte. The 

PAN-SEI enables the homogeneous distribution of de-solvated Li ions at the interface thus 
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resulting to uniform Li deposition. The effectiveness of the AN additive is validated by the 

excellent performance of 0.4 Ah Li||NMC622 pouch cells with realistic cell parameters and 

operation condition. 
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Chpter 5: Electrodes/electrolyte interphases stabilization of Li metal battery by 

phosphorus pentoxide additive in LiPF6 electrolyte 

5.1 Introduction 

Li metal batteries with high energy density has become the most promising next generation 

lithium-ion batteries. However, the short cycle life and safety issue hindered its 

commercialization. LiPF6 containing electrolyte, which is the most widely used electrolyte 

in Li ion batteries, is not compatible with Li metal batteries. The major drawback originates 

from the undesirable autocatalytic decomposition reaction to form lithium fluoride (LiF) 

and phosphorus pentafluoride (PF5), the subsequent hydrolysis process of PF5 will react 

with traces of moisture to form HF(1)-(4) The resulting HF can degrade electrode materials 

and electrolyte. The corrosive HF will attack Li metal and then form corrosion pits. It is 

easily to generate highly resistive LiF passivation layer on Li metal anode, which resulting 

in the nonuniform electrodeposition process.(5) Furthermore, the decomposition reaction 

of SEI components and HF will trigger the continuous electrolyte decomposition.  (6),(7) In 

addition, transition metal dissolution(8),(9) and cathode (high Ni content NMC) particle 

cracking problem(10) could result from the presence of HF.  

The aforementioned problems were resulting from hydrolysis reaction between the 

decomposition product of LiPF6, the PF5, and the trace amount of moisture to form HF.  

So, the strategies for stabilizing the LiPF6 electrolyte could coming from: improving the 

dissociation of LiPF6, which suppress the equilibrium decomposition to form PF5 and 
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screening the scavenger additives to eliminate PF5, H2O, and HF for LiPF6 based 

electrolyte system.  

The origin of LiPO2F2 in 1M LiPF6 in carbonate electrolyte (baseline electrolyte) was 

resulting from the hydrolysis of PF5 (decomposition from LiPF6) with the trace amount of 

water as shown in the following reactions:(11)-(14) 

 

 

It has been widely studied in J. R. Dahn’s group for the effect of LiPO2F2 enhancing the 

electrochemical performance for Li-ion batteries. They thoroughly studied the impact of 

extra amount of water on Li- ion batteries consists of LiCoO2 positive electrode with 

graphite(15) or Lithium titanate negative electrode.(16). It was found that the extra amount of 

water would not negatively affect cell performance (except for cell swelling), and it will 

increase the capacity retention in some cases. In addition, it was also found that the extra 

amount of water in the baseline electrolyte does improve the deposition of Li for Li metal 

batteries. (17) The morphology of Li deposition changed from randomly mossy structure to 

well-ordered structure consists of compactly growth Li rods. 

Later, it has been reported the positive effect of extra amount of water in the baseline 

electrolyte was owing to the formation of extra amount of LiPO2F2
(18), since the HF was 

detrimental for the cathode degradation.(19),(20) The following research about the additional 

LiPO2F2 additive on the performance of Li batteries has been studied. 
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Chengyuan et. al (21) found although electrolyte ionic conductivity would decrease with the 

increasing amount of LiPO2F2 additive from 6.34 mS. cm-1 (1M LiPF6 EC/DEC (1:3 wt%)) 

to 5.72 mS. cm-1 (1M LiPF6 EC/DEC (1:3 wt%) +2wt% LiPO2F2), the anodic stability of 

the electrolyte (against Pt electrode) increased from ~4.6 V (1M LiPF6 EC/DEC (1:3 wt%)) 

to ~5.5 V ((1M LiPF6 EC/DEC (1:3 wt%)+1wt% LiPO2F2). Moreover, the capacity 

retention, long term coulombic efficiency and high-rate performance have been improved 

with LiPO2F2 additive. The parasitic reaction rates have been suppressed together with the 

improved cell cycle lifetime with the LiPO2F2 additive.(22) Jiawei Chen et. al (23) pointed 

the protective low impedance CEI on cathode generated by the film forming LiPO2F2 

additive, and this film effectively hindered the electrolyte oxidation, electrode structure 

destruction, leading to the dramatically improvement of cycle stability of Li||LNCM cells.  

The Lewis acids(24) are able to enhance the dissociation of LiPF6 by forming the complex 

with PF6
-. The PF5 can be effectively scavenged by the compounds with P, O, N with lone 

pair electrons like trimethyl phosphite (25) It has been reported that H2O in LiPF6 based 

electrolyte can be effectively scavenged by Lewis bases additives with specific structure 

including: Si-N(26),(27), Si-O(28), phosphite(29), and isocyanate moieties.(30) HF can be 

effectively scavenged by the compounds with electron donating sites(31) like amino 

silanes(32) and phosphites(33). 

P2O5 is a well-known dehydrating agent and acid scavenger, and the hydrolysis product, 

phosphite, can effectively enhancing the dissociation of LiPF6 to suppress the PF5 

hydrolysis.(24) In this study, we investigate P2O5 as additive to stabilize the 

electrolyte/electrodes interphases by mitigate the HF based side reactions. The P2O5 
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additive not only improve the Li metal deposition morphology for denser deposition layer, 

but also alleviate the transition metal dissolution and NMC622 particle cracking problems. 

Thus, the full cell performance has been greatly improved. 

5.2 Stabilization of Li metal anode/electrolyte interphase by P2O5 additive 

 

Figure 5. 1 (a)19F and (b) 31P NMR spectra of 1M LiPF6 electrolyte without and with P2O5 additive. 

SEM image of Li metal electrode after soaking in 1M LiPF6 electrolyte (c) without and (d) 

with P2O5 additive for 2 days, and the corresponding (e) F 1s and (f) Li 1s XPS spectra. 

The effectiveness of P2O5 additive for the absorption of HF acid can be found in 19F NMR 

spectra Figure 5. 1(a), which indicated no HF (-190.58 ppm)(13),(14) existing in of 1M LiPF6 

electrolyte with P2O5 additive. The compound in the electrolyte was identified by matching 

the peak position and the coupling constant from literature(11),(13),(14), and listed in Table 

5.1. The 19 F spectra consists of the several typical doublets with chemical shifts:  (19F) = 

-74.01 ppm (J(19F-31P)=708.5 Hz) that is assigned to PF6
-;  (19F) = -84.56 ppm (J(19F-

31P)=930.4 Hz) that is assigned to PO2F2
-( HPO2F2);  (19F) = -85.56 ppm (J(19F-31P)=973.0 

Hz) that is assigned to PO2F2
-( PO2F2OCH2CH3);  (19F) = -89.26 ppm (J(19F-31P)=1068.2 
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Hz) that is assigned to OPF3;  (19F) = -190.58 ppm (J(19F-31P)=481.4 Hz) that is assigned 

to HF.  

The corresponding 31P NMR spectra consists of: a septet with  (31P) = -144.28 ppm (J(19F-

31P)=708.3 Hz) that is assigned to PF6
-; a triplet with  (31P) = -19.5 ppm (J(19F-31P)=929.8 

Hz) that is assigned to PO2F2
-( HPO2F2); a triplet with  (31P) = -30.94 ppm (J(19F-

31P)=973.4 Hz) that is assigned to PO2F2
-(PO2F2OCH2CH3); a quartet with  (31P) = -32.34 

ppm (J(19F-31P)=1068.5 Hz) that is assigned to OPF3. 

Table 5. 1 19F and 31P NMR spectra data of 1M LiPF6 electrolyte without and with P2O5 additive. 

Compound 𝜹(
19

F)/(ppm), (J(
19

F-
31

P)) 𝜹(
31

P)/(ppm), (J(
19

F-
31

P)) 

PF
6

-
 -74.01 (d, 708.5 Hz) -144.28 (sept, 708.3 Hz) 

PO
2
F

2

-
(LiPO

2
F

2 
/HPO2F2) -84.56 (d, 930.4 Hz) -19.5 (t, 929.8 Hz) 

PO
2
F

2

-
(PO

2
F

2
OCH

2
CH

3
) -85.56 (d, 973.0 Hz) -30.94 (t, 973.4 Hz) 

OPF
3
 -89.26 (d, 1068.2 Hz) -32.34 (q, 1068.5 Hz) 

HF -190.58 (d, 481.4 Hz, J(1H-19F)) 

d: doublet; t: triplet; q: quartet; sept: septet 

Thus, the Li metal corrosion problem has been mitigated, which can be find in Figure 5. 

1d. The clear corrosion pits on Li metal anode after soaking in 1M LiPF6 electrolyte for 2 

days is observed in the Figure 5. 1c, while with the help of P2O5 additive, the Li metal 

surface remains almost the same. The corresponding F 1s XPS spectra (in Figure 5. 1e) 

indicates large amount of LiF (684.5 eV)(5),(34) is formed on Li metal anode when corrosion 

happened in 1M LiPF6 electrolyte. In addition, the thickness of the SEI is alleviated since 
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the ratio of SEI peak and metallic Li peak (54.8 eV)(35),(36) (in Fig. 1f) is decreased when 

applying P2O5 additive.  

 

Figure 5. 2 Nyquist plots at different rest time for Li||Li symmetric cell in 1M LiPF6 electrolyte (a) 

without and (b) P2O5 additive. 

Consequently, the more stable Li metal anode surface against the electrolyte lead to smaller 

resistance of the Li metal anode as shown in Figure 5.2b, and the increasingly growth 

resistance (in Figure 5.2a) indicates the continuously corrosion reaction happened on Li 

metal anode with 1M LiPF6 electrolyte. 
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5.3 Uniform Li deposition layer enabled by P2O5 additive 

 

Figure 5. 3 . Top view SEM images of Li deposited on Li metal galvanostatically (0.3mA cm-2) 

for (a and d) 1 hour and (b, e) 10 hours in 1M LiPF6 electrolyte (a-c) without and (d-f) with P2O5 

additive. Cross-sectional SEM images of Li deposition layer galvanostatically (0.3mA cm-2) for 10 

hours in 1M LiPF6 electrolyte (c) without and (f) with P2O5 additive. 

Our previous work has found the cleaner Li metal surface, the better Li metal 

nucleation.Error! Reference source not found. A salient difference between 1M LiPF6 electrolyte w

ith and without additive can be anticipated in the morphology of the Li deposits. By 

comparing the nucleation stage of Li metal deposits in Figure 5. 2a and 2d, the Li 

nucleation density in 1M LiPF6 with P2O5 additive is greatly improved in addition with the 

more uniform size distribution. Although 1M LiPF6 electrolyte can generate much higher 

intensity of LiF on Li metal surface (in Figure 5. 1e), the exposed pitting area would favor 

the Li nucleation and deposition process thus lower the nucleation density and cause the 

porous Li deposition layer.(5) 

In the long-term deposition process, the Li deposition layer (in Figure 5. 2b) in 1M LiPF6 

electrolyte is discrete which is because of the low nucleation density, while the Li 

deposition layer (in Figure 5. 2e) is much more homogeneous and denser when applying 
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P2O5 additive. The thickness of 3mAh cm-2 (theoretical thickness: 15 μm) Li deposition 

layer is reduced from 48 μm (in Figure 5. 2c) to 18 μm (in Figure 5. 2f) with the help of 

P2O5 additive. 

 

Figure 5. 4 (a) F 1s, (b) P 2p XPS spectra, and (c) the relative atomic percentage of F and P on Li 

metal foil after galvanostatically (0.3mA cm-2) for 10 hours in 1M LiPF6 electrolyte without and 

with P2O5 additive. 

The SEI properties also played an important role for the uniform and dense deposition 

layer.(38)-(40) From Figure 5. 3a, much higher intensity of LiF (684.5 eV)(5),(34) and LixPOyFz 

(685.5 eV)(41)-(43) and less intensity of organic SEI components (in Figure 5.5) were 

generated during Li deposition in 1M LiPF6 electrolyte with P2O5 additive. 
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Figure 5. 5 (a) C 1s, (b) O 1s, (c) Li 1s XPS spectra, and (d) the relative atomic percentage of C, 

O, and Li on Li metal foil after galvanostatically (0.3mA cm-2) for 10 hours in 1M LiPF6 electrolyte 

without and with P2O5 additive. 

These indicate the 1M LiPF6 electrolyte with P2O5 will electrochemically generate more 

stable ceramic SEI than the electrolyte without additive. The higher SEI repair rate was 

beneficial for smooth Li deposition.(44)  
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5.4 Superior electrochemical performance and the working mechanism of P2O5 

additive 

 

Figure 5. 6 (a) Cycling performance of 0.4 Ah Li||NMC622 pouch cell (50 μm Li anode and 

3mAh cm-2 cathode areal capacity) in lean electrolyte (electrolyte to capacity ratio = 3g Ah-1) at 

C/10 charging and C/3 discharging. Optical image of the 0.4Ah Li||NMC622 pouch cell was 

inserted in Figure 5. 4(a). Cell voltage profile for 0.4 Ah Li||NMC622 pouch cell in 1M LiPF6 

electrolyte (a) without and (b) with P2O5 additive.  

With the help of P2O5 additive, the cycle life of 0.4 Ah Li||NMC622 pouch cell has been 

improved (in Figure 5. 4a) from 30 cycles to more than 200 cycles with capacity retention 

of 87.7% (230 cycles). The increasingly growth of the cell polarization from 1st cycle to 

30th cycle is observed in the voltage profile of 1M LiPF6 electrolyte in Figure 5. 4b, while 

the voltage profile almost remains the same for 1M LiPF6 electrolyte with P2O5 additive in 
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Figure 5. 4c. The corresponding dQ/dV vs. voltage profile (in Figure 5. 5a-c) has been 

plotted in order to compare the polarization of the cell. The peak voltage shift of dQ/dV 

plot can be regarded as the change of the cell overall polarization.(45) From Figure 5. 5a-c, 

the major redox peak for the cell testing in 1M LiPF6 electrolyte shifted to higher voltages 

(from 3.76 V—1st cycle to 3.96 V—30th cycle) for charging process and shifted to lower 

voltages (from 3.71 V—1st cycle to 3.27 V—30th cycle) for discharging process, which 

indicated the higher degree of polarization of the cell. 
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Figure 5. 7 dQ/dV vs. voltage plot of the comparison between 1M LiPF6 electrolyte without and 

with P2O5 additive in (a) 1st cycle, (b) 10th cycle, (c) 20th cycle, and (d) 30th cycle. Deconvoluted 

EIS analysis of (e) interfacial resistance and (f) charge transfer resistance versus cycle number in 

different electrolyte. 

The overall polarization of the cell could contributed from ohmic, charge transfer and 

diffusion related effects. In order to deconvolute the origin of the polarization, the EIS 

analysis on NMC622 cathode and Li metal anode was conducted by using symmetric cells 

after the cells testing.(46),(47) After cycling, two cells in the same condition were 
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disassembled, and the electrodes with same polarity were paired with new separator and 

electrolyte to reassemble the NMC622||NMC622 symmetric cells and Li||Li symmetric 

cells for the testing of EIS on NMC622 cathode and Li metal anode, respectively. 

The EIS analysis on NMC622 cathode indicated the resistance of NMC622 cathode 

continuously increasing during cycling in 1M LiPF6 electrolyte in Figure. S4a. However, 

the resistance of NMC622 cathode remained almost the same during cycling when using 

1M LiPF6 electrolyte with P2O5 additive in Figure. S4b. The equivalent circuit is used to 

fit the EIS data, which is shown in the insert of Fig 5d and 5e, consists of 6 circuit elements 

as follows. The ohmic resistance of the system, RE, was the intercept at high frequency. 

The first semi-circle consists of interfacial resistance, Rint, and its corresponding 

capacitance, CPEint. The second semi-circle is attributed to the charge transfer resistance, 

Rct, and its corresnponding capacitance, CPEct. The low frequency region included the 

Warburg impedance, Zw.(48) From the deconvoluted EIS data, both Rint and Rct increasingly 

grows with cycle number for 1M LiPF6 electrolyte, while those values slightly change for 

1M LiPF6 with P2O5 additive. The Rint for 1M LiPF6 has increased to 171.7 𝛀 at 30th cycle, 

while that for 1M LiPF6 with P2O5 additive was 47.11 𝛀. The Rct for 1M LiPF6 has 

increased to 154.6 𝛀 at 30th cycle, while that for 1M LiPF6 with P2O5 additive was 98.84 

𝛀. The resistance of Li metal anode (in Figure 5.8)(49) continuously decreasing with cycle 

number no matter in which electrolyte.  
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Figure 5. 8 Nyquist plots for reassembled Li||Li symmetric cell using Li metal anodes after cycling 

in Li||NMC622 full cells using (a) 1M LiPFF6 electrolyte without and (b) with P2O5 additive. (c) 

schematic illustration of the impedance fitting model for reassembled Li||Li symmetric cell. EIS 

fitted (d) interfacial resistance, (e) charge transfer resistance (Rct1) and (f) charge transfer resistance 

(Rct2) vs. cycle number for reassembled Li||Li symmetric cells in different electrolytes. 

And the resistance difference is far less than that on cathode side, which indicated the major 

polarization of the cell was coming from the NMC622 cathode.  
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Figure 5. 9 . (a) EDS spectra of Li metal anode and FIB-SEM images of (b) pristine NMC622 

particles, and the NMC622 material after 30 cycles under C/10 charge and C/3 discharge in 1M 

LiPF6 electrolyte (c) without and (d) with P2O5 additive. 

P2O5 additive not only improved the Li deposition process, but also stabilized NMC622 

cathode during cycling. The transition metal dissolution is a major problem for 1M LiPF6 

electrolyte system because of the corrosive HF can dissolve TM2+ (TM= Co, Ni, Mn) and 

the EDS analysis result (in Figure 5. 6a) shown the distinct evidence.(8),(9),(50) After 30 

cycles in 1M LiPF6 electrolyte, Li metal anode has a significant content of transition 

metal including: Mn, Co and Ni. In contrast, transition metal dissolution problem has 

been completely suppressed in the presence of P2O5 additive, as presented by the absence 

of Mn, Co and Ni signal in the EDS spectrum of Li metal anode after 30 cycles in 1M 

LiPF6 electrolyte with P2O5 additive. The effect of the deposited transition metal species 

on Li metal deposition has been thoroughly studied,(50) which indicates that the TM 
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dissolution and deposition would contribute the worse Li deposition behavior in the 

baseline electrolyte. 

The cracking problem for high Ni content cathode material is the dominant reason for the 

capacity fading. Figure 5. 6c and 6d demonstrate the FIB-SEM images of NMC622 

particles before and after 30 cycles in 1M LiPF6 electrolyte without and with P2O5 additive. 

The distinct cracks (in Figure 5. 6c) are observed on NMC622 particles after 30 cycles in 

1M LiPF6, while the NMC622 particles remained the same after 30 cycles in 1M LiPF6 

with P2O5 additive in Figure 5. 6d. And the cracking issue could be the reason for the 

increasingly growth of cathode resistance, since the precipitation of TMF2 (TM = Co, Ni 

and Mn) on the exposed cracking surface.(10) 

5.5 Conclusion 

In this study, we revealed phosphorus pentoxide (P2O5) as an effective electrolyte to 

stabilize the electrolyte/electrodes interphases. P2O5 additive not only enabling uniform Li 

deposition but also mitigate the transition metal dissolution and NMC622 particle cracking 

problems. The effectiveness of P2O5 additive is validated by the excellent performance of 

Li||NMC622 pouch cells with realistic cell parameters and operation condition. 

5.6 Methods 

5.6.1 Materials 

 The baseline electrolyte of 1M LiPF6 in the mixture of EC/DEC =50:50 (V/V), battery 

grade was purchased from Sigma-Aldrich. P2O5 (≥99.99%, trace metal basis, Sigma-

Aldrich) was dried under vacuum at 80℃ inside argon-filled glovebox for 24 hours prior 



105 

 

to use. The single crystal LiNi0.6Mn0.2Co0.2O2 (NMC622) was purchased from Targray 

Technology International Inc.. 

5.6.2 Electrodes preparation for cion-cells and pouch cells 

The lab-made thin Li foil (50 μm in thickness) was prepared using a previously reported 

method.Error! Reference source not found. The double-side Li metal anode was prepared by s

andwiching a copper foil (9 μm, MTI Corporation) with two pieces of lab-made Li metal 

foil (50 μm in thickness), and pressed with a mechanical roller. The cathode slurry was 

prepared by mixing 90 wt.% NMC622, 5 wt.% carbon black (Supper C65), and 5 wt.% 

polyvinylidene fluoride (PVDF, Sigma-Aldrich, Mw~534,000) in N-Methyl-2-pyrrolidone 

(NMP, Anhydrous, 99.5%, Sigma-Aldrich) through centrifugal mixer (Thinky, AR-100) 

for 15 mins. All the materials in the slurry preparation except NMP were dried under 

vacuum at 70°C for 24 hours prior to use. NMP were dried with the 3Å molecular sieves 

prior to use. The weight ratio of liquid to solid in the slurry was 1.65. The slurry was coated 

with an automatic tape casting coater (MTI corporation) onto an aluminum current 

collector (16μm, Gelon LIB Group) with the film applicator set to 300 μm to make 3 mAh 

cm-2 NMC622 cathode. The coated electrodes were transferred into the glovebox and dried 

at room temperature for 12 hours. Then the electrodes were dried under vacuum inside 

glovebox at 120°C for 12 hours prior to use. The thickness of electrodes (90 μm for single 

side) were controlled by calendaring process through mechanic roller. Single-sided and 

double-sided cathodes were prepared for coin cells and pouch cells, respectively. 



106 

 

5.6.3 Cell assembly and electrochemical experiments  

CR-2016 type coin cells (Gelon LIB Group) were used in the measurements of the Li Li 

symmetric cell cycle stability. Celgard-2400 was used as the separator. Pouch cell were 

assembled inside an argon-filled glovebox. The amount of electrolyte in the pouch cells 

was kept at 3 g Ah-1. A lab-made pouch cell test holder (Figure 5.10) was used during 

cycling.  
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Figure 5. 10 Optical images of (a) NMC622 electrode (3.8 cm × 5.9 cm), (b) Li metal anode (4.0 

cm × 6.0 cm), (c) assembled pouch cell, and (d) testing holder for Li NMC622 pouch cells. 

The cycling experiments were performed with Neware battery testers. All the Li||NMC622 

cells were tested under galvonastatically charging to 4.3 V and then hold the voltage at 4.3 

V until the current dropped less than C/30. After that, galvonastatically discharging the cell 

until voltage less than 2.5 V. The C rate for formation cycles were kept C/20 for charging 

(a) (b) 

(d) 

(c) 
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and discharging. After formation cycles, using C/10 for charging and C/3 for discharging. 

And all the constant voltage holding until the current less than C/30. 

5.6.4 Average coulombic efficiency measurement 

CR-2016 type coin cells were used to measure the average coulombic efficiency: a lab-

made Li foil with the thickness around 50 μm was first weighed and then pressed to a Cu 

substrate as the working electrode. Then pairing with a piece of cathode made of NMC622 

and adding electrolyte (3g Ah-1) to assembly the Li metal cell. After a set number of cycles, 

the remaining Li on the working electrode would be measured by assembling the Li||Li 

symmetric cell, which consists of the cycled Li metal anode and another identically made 

Li electrode without weighing. The remaining Li on the working electrode was completely 

stripped using a 0.3 mA cm-2 current until the stripping cutoff potential (1 V) was reached. 

The Li metal consumption rate could be calculated by the following equations: 

 

where  is the Li consumption rate,  is the total capacity of Li consumed during 

cycling,  is the original Li source capacity, is the original weight of Li metal foil 

(~50 𝜇m), 3.86 is the specific capacity of Li metal (~3.86 mAh g-1), is the stripping 

current for the Li||Li symmetric cell, is the total stripping time after the stripping 



109 

 

voltage reaches 1V, is the cell total discharging capacity during the cycling, 

 is the cell discharging capacity of the ith cycle. 

Take an example of the Li||NMC622 cell with the weighted Li metal foil of 5.32mg. The 

total discharging capacity is 0.1165Ah, the total stripping time is 31.9h under the stripping 

current of 0.3mAh cm-2 (5/8 inch in diameter for Li metal electrode). The calculated Li 

consumption rate is 1.389%, which means there will be Li consumed (1.389% of the total 

discharging capacity on average) from original Li source in each cycle. 

5.6.5 Li||Li, NMC622||NMC622 symmetric cells for EIS test 

The Li||NMC622 coin cells were cycling after certain cycles.  For each specific cycles, two 

cells were tested. After cycling, two cells were disassembled and the same electrodes were 

reassembled to make Li||Li, NMC622||NMC622 symmetric cells with another separator 

and refilling electrolyte. The EIS measurements were conducted using the Gamry 

potentiostat Interface 1000, scanning over the frequency range from 106 Hz to 0.01 Hz with 

2 mV amplitude. The EIS data was analyzed by ZSim software to deconvolute the circuit 

elements using equivalent circuit model. 

5.6.6 SEM, EDS and FIB 

The surface morphology and the thickness of the electrode were characterized using 

scanning electron microscope (SEM, Nova Nano S450, 10 kV). The samples were retrieved 

in an argon-filled glovebox and washed with dimethyl carbonate thoroughly to remove the 

residual electrolyte. Prior to the SEM characterization, the samples were dried at room 

temperature for 24 hours inside the argon-filled glovebox. The samples were then 
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transported to the SEM facility inside a stainless-steel tube with KF-flange sealing. The 

samples were loaded in the SEM using a glove-bag with argon purging gas without 

exposing to ambient environment. The elemental mapping of the samples was collected 

using an Energy Dispersive X-ray (EDX) spectrometer coupled with the SEM. The focused 

ion beam (QuantaTM 3D 200i with Ga liquid metal ion source) was used to precisely prepare 

the cross-sectional image of the NMC622 cathode particles. The ion gun voltage was set 

to 30 kV, and the current was 30 nA and 7 nA for bulk milling and polishing current, 

respectively.  

5.6.7 XPS 

X-ray photoelectron spectroscopy (XPS) data were collected using Kratos AXIS Supra (Al 

Kα=1486.7 eV) at UC Irvine Materials Research Institute (IMRI). The samples were 

prepared following the same procedure for SEM samples. The samples were transported to 

the XPS facility inside a stainless-steel tube with KF flange sealing filled with argon. 

Finally, the samples were loaded in the sample chamber in the glovebox integrated with 

Kratos AXIS Supra for XPS analysis. All peaks of XPS data were analyzed by Casa XPS52 

and calibrated with the reference peak of C 1s at 284.6 eV (the adventitious carbon).  

Table 5. 2 Relative sensitivity factors for Karatos AXIS. 

C 1s O1s F 1s S 2p N 1s Li 1s 

0.278 0.736 1 0.723 0.477 0.025 

 

The relative atomic ratio was calculated by the following equation:  

𝑅𝐴𝑖 =

𝐴𝑖
𝑆𝑖

⁄

∑ 𝐴𝑖
𝑆𝑖

⁄
× 100% 
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RAi: relative atomic ratio of component i 

Ai: Area of the deconvoluted peak of component i 

Si: relative sensitivity factor for component i 
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Chapter 6: Summary and future directions 

In Chapter 1, we have introduce the basic of Li-ion batteries including the working 

mechanism, electrode materials and electrolytes. In addition, the motivation of Li metal 

batteries has been discussed and its mitigation strategies towards the stabilization of 

interphase has been summarized. 

In Chapter 2 and 3, mainly discussed the properties of Li metal anode and the failure 

mechanism identification for Li metal batteries in carbonate electrolytes. The large volume 

expansion of Li deposition causing the increasing of concentration overpotential finally 

leading the failure of Li metal batteries. The better interphase of Li metal anode need to be 

designed in order to improve the performance of Li metal batteries. 

In Chapter 4 and 5, two strategies has been introduced for the stabilization of Li metal 

anode/electrolyte interphases. The acrylonitrile can be used as electrolyte additive which 

can be electropolymerized on Li metal via Li deposition process, this in-situ formed 

protective film can regulating the Li metal deposition to improve the performance of Li 

metal batteries. Phosphorus pentoxide can be used for Hydrofluoric acid scavenger to 

eliminate the side reactions in LiPF6 based electrolyte system, which can significantly 

improve the battery performance of Li metal batteries. 

The future directions are mainly improving the cycle life of Li metal batteries and the safety 

of organic liquid-based electrolyte systems. 




