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Abstract 

 

As lithium ion batteries are scaled up for electric vehicles and large capacity storage, the concerns 

about safety become more and more crucial because fire or explosion on such a large scale results in 

more serious trouble. As an intuitive and primitive idea to solve safety problems just from the 

electrolyte side, it would be helpful to decrease the flammability of electrolytes. However, it has been 

very challenging to enhance safety without any sacrifice in the performance of cells by controlling the 

non-flammability of electrolytes. 

We focused on how to prevent the progress of exothermic reactions between cathode electrode and 

electrolyte which is the initial process during safety problems with thermal development. In this work, 

three types of effective molecules with nitrile (-C≡N) functional groups, aliphatic di-nitriles, mono-

nitriles and cyano macromolecules, were adopted. First, among aliphatic di-nitriles, succinonitrile (SN, 

CN-[CH2]2-CN) was evaluated as an additive improving thermal stability in ethylene carbonate (EC)-

based electrolyte for lithium ion batteries. Without any sacrifice of performances such as cyclability 

and capacity, introduction of SN into electrolyte with graphite anode and LixCoO2 cathode leads to (1) 

reducing the amount of gas emitted at high temperature, (2) shifting onset temperature of exothermic 

reactions and (3) decreasing the amount of exothermal heat. From the spectroscopic studies based on 

photoelectrons induced by X-rays, we reveals that nitrile functional groups (-C≡N) of SN forms 

strong complex with surface metal atoms of LixCoO2 (x≈0.5).  

On the basis of successful approach of SN, we additionally investigated whether other aliphatic 

nitrile molecules had a similar effect on thermal stability. Two different series of aliphatic nitriles 

were introduced as an additive into a carbonate-based electrolyte: di-nitriles (CN-[CH2]n-CN with n = 

2, 5 and 10) and mono-nitriles (CH3-[CH2]m-CN with m = 2, 5 and 10). Here, we reported on 

molecular coverage of nitriles on surface of cathode active materials to block or suppress thermally-

accelerated side reactions between electrode and electrolyte. Based on the strong interaction between 

the electro-negativity of nitrile groups and the electro-positivity of cobalt in LiCoO2 cathode, the 

surface coverage of nitrile molecules improved the thermal stability of lithium ion cells by efficiently 

protecting the surface of LiCoO2. Three factors, the surface coverage , the steric hindrance of 

aliphatic moiety within nitrile molecules and the polarity of ending group of adsorbed nitriles, 

affected cell performances at elevated temperature. 

These previous observations furthermore enable us to expand our concept to the high molecular 

weight (Mw) polymer with nitrile structure, cyanoethyl polyvinylalcohol (PVA) (abbreviated PVA-
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CN) and cyanoethyl pullulan (abbreviated Pullulan-CN). Distinctively, the electrolyte including PVA-

CN transforms its phase to the gel-type electrolyte even in the condition without any initiators or 

cross-linking agents. Generally, high values of cationic transference number (t+) achieved by solid or 

gel electrolytes have resulted in low ionic conductivity (i) leading to inferior cell performances. 

However, we present that this novel organogel polymer electrolyte characterizes a high liquid-

electrolyte-level i (~10
1
 mS cm

-1
) with high t+ of Li

+
 (> 0.8) for lithium ion batteries (LIB), working 

as a function of concentration and temperature. A conventional liquid electrolyte in presence of a 

cyano resin was physically and irreversibly gelated at 60
o
C without additional initiators and cross-

linkers, showing the behavior of lower critical solution temperature. During gelation, i of the 

electrolyte followed a typical Arrhenius-type temperature dependency, even if its viscosity is 

increased dramatically with temperature. Based on the high Li
+
-driven ion conduction, LIBs using the 

organogel electrolyte delivered significantly enhanced cyclability and thermal stability. 

Meanwhile, besides safety of LIB induced by thermal stability of electrolyte, state-of-the-art LIBs 

also should consider overdischarge abuse, one of the problematic safety issues, because it engenders 

Cu corrosion on the negative electrode to increase capacity fading and higher resistance within the 

cell. On the basis of previous result relevant to the strong interaction of -CN functional group with 

metal ion, we investigated the activity of SN as copper corrosion inhibitor to provide overdischarge 

(OD) protection. The anodic Cu corrosion, occurring above 3.5 V (vs. Li/Li
+
) in conventional LIB 

electrolytes, is suppressed until 4.5 V in the presence of SN. The corrosion inhibition by SN is 

ascribed to formation of SN-induced passive layer, which is spontaneously developed on copper 

surface during the first anodic scan. The passive layer is composed mainly of Cu(SN)2PF6 unit, which 

is evidenced by Raman spectroscopy and electrochemical quartz crystal microbalance (EQCM) 

measurements. The effects of the SN additive on OD protection is confirmed by using 750mAh soft-

packed full cells of LiCoO2 and graphite with lithium metal as a reference electrode. Addition of SN 

completely prevents corrosion of copper current collector without any decay in performance, thereby 

tuning the LIB chemistry to be inherently immune to the OD abuses. 
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І. Introduction 

 

1. 1 Objective 

 

Lithium-ion batteries (LIBs), have widely dominated the fields of consumer electronics, electric 

vehicles and even grid-connected renewable energy sources due to their high energy densities and 

long lifetime. The ever-increasing demand for higher energy density, moreover, has aggressively 

pushed them to be beyond their electrochemical boundaries. Changes in the material design to load 

more active materials within confined cell geometry and development of cathode materials operating 

at high voltages or raising working potential can be representative approaches. These efforts, however, 

have simultaneously engendered the growing concern in the intrinsic safety because higher electrical 

energy can thermodynamically convert to the same amount of heat-evolving reaction if cells are 

subjected to the unexpected conditions or inadvertent abuse. 

 

Figure 1-1. Our strategy to find technologies satisfying both safety and electrochemical performance 

in terms of electrolyte of the lithium ion batteries. 

 

LIBs comprise highly energetic materials with an inflammable organic-based electrolyte. Any 

abnormal operation, including disposure of elevated temperature and overcharge, can lead to extreme 

exothermic reaction, fire and even explosion. Especially, when we consider what battery-providers 

and customers fear, namely accidents or unexpected field detonations, it is indisputable fact that LIBs 

should pass innumerable certified safety tests prior to the general use by customers. Thus, it can be 

absolutely imperative to overcome "thermal runaway" through equipment of any safety devices or 

chemical/physical treatment within the cells. A number of publications to improve intrinsic safety 

have been released till now; safety devices, separators, electrolytes and active materials. Among them, 
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we focused on how to block safety issues in terms of just organic electrolyte without any sacrifice in 

the performance of cells. Our strategy finds what the trigger of fire/explosion within the cell is and 

develops safety solution to prevent or retard thermally-induced side reactions in the LIBs (Figure 1-1). 

 

1. 2 Preliminary experiments 

 

Since the commercialization of the LIBs by Sony corp., most of the electrolytes used in the Li-ion 

batteries have been composed of the complicated organic/inorganic mixtures where cyclic and linear 

carbonate solvents, specific additives and Li-salts are formulated. Among these components, organic 

additives make crucial roles to satisfy a variety of LIBs requirements such as cell performance, 

cyclability, thermal stability and even safety. Importantly, it is impossible for just one ingredient to 

satisfy all requirements at the same time without any sacrifice. According to the recent studies, it has 

generally been accepted that there can be some “trade-off” relationship between performance and 

safety. Therefore, we focused on finding what pros and cons of candidates released till now 

commercially are and what critical clues to obtain satisfactory results to surpass “trade-off” are 

through electrochemical operations/evaluations. 

 

Figure 1-2. Logically-approaching methods comprising total 3 criteria for finding promising 

electrolyte materials in the LiCoO2/Graphite system; 1
st
 criterion is the step without any damage in 
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basic performance, 2
nd

 criterion is related to the thermal stability, and finally 3
rd

 criterion is for 

guarantee of safety at thermal abuse condition. 

 

Our logical approaches to find safety solution consist of total 3 criteria (Figure 1-2). The first 

step is related to the stabilization of fundamental physical properties such as ionic conductivity, 

viscosity and enhancement of performance relevant to the stability of SEI layer formed on the surface 

of graphite. As any decay in capacity makes undesirable defects and can induce lithium dendrite 

during cycle, the indisputable settlement of the first step is second to none important. Then, the 

second step verifies thermal stability of LIBs. The fully charged cells forcibly are placed under severe 

thermal condition where the stabilities of electrolyte against temperature are evaluated (There are two 

types of thermal condition specifically; One is a short-term test, 4 hours storage at 90
o
C as one of the 

Sony Ericsson evaluation specifications and the other is a long-term test, 3 days storage at 80
o
C as 

one of the Siemens evaluation specifications). Monitoring and observing in-situ changes of thickness 

of fully charged cells at elevated temperature are good indicator to determine the degree of thermal 

stabilities of materials. And, in the final step after obtaining satisfactory results from two criteria, 

electrochemical performance at high temperature and safeties (e.g., storage of 4.2V fully charged cell 

at 150
o
C for 1hr) were investigated with exothermic heat behavior analysis. At least, it is clear that 3 

criteria are the most meaningful processes in terms of development of the electrolyte solution to 

protect thermal runaway. The commercial-grade electrolyte additives or solvents surveyed for 

preliminary experiments, in this work, are non-flammable materials (fluorinated phosphate- and 

phosphite-derivatives) and propane sultone (PS). They were evaluated by logically-approaching 

methods already mentioned in Figure 1-2. All electrolyte solutions are injected and evaluated to the 

LiCoO2/Natural graphite full cells which has about 750mAh nominal capacity. 

 

 1.2.1 Non-flammable electrolytes 

 

Carbonate-based electrolyte solutions used in the LIBs have mainly low boiling and flash point, 

which triggers flammable vapors, vent and even explosion of cells in the elevated thermal condition. 

Thus, it can be extremely difficult to exhibit resistivity against combustion in the presence of heat, 

spark or external flame. Moreover, as there is a trade-off between safety and performance, in today’s 

electrolyte formulation, any treatments for enhanced safety inevitably can lead to detrimental damages 

on performance and even on the stability of electrolyte itself. Therefore, it could be very challenging 

to find meaningful electrolyte materials to simultaneously satisfy thermal stability (or safety) as well 

as electrochemical performance.  
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As a preliminary test, we selected two fluoro-phosphorous-type materials, phosphate and 

phosphite, which has already been known as popular flame retardants. Interestingly, the electrolyte 

itself in the presence of phosphate or phosphite exhibits a complete non-flammability in the 

concentration range at least more than 30wt%. The experimental method determining flammability or 

non-flammability is determined by the “Self Extinguishing Time (SET)” measurement which means a 

normalized elapsed-time against liquid mass spent to extinguish fire after initial ignition (Figure 1-3).  

Unfortunately, two fluorinated phosphorous compounds, trifluoro-ethyl phosphate (TPa) and 

trifluoro-ethyl phosphite (TPi), used as co-solvents lead to severe capacity fading despite a perfect 

non-flammable behavior. The incompatibility of phosphorous-type materials with carbonate-Li salt 

electrolyte system causes several side reactions; higher viscosity, lower ionic conductivity, faster self-

discharging rate and poorer cyclability than conventional electrolyte in the absence of TPa or TPi 

(Figure 1-4). Even TPa and TPi suffer from permanent failure when subjected to the thermal abuse 

condition such as Hot box (one of the UL/End-user specifications; compulsory storage of fully 

charged cell at 150
o
C for 1hr). These behaviors of phosphorous components illustrate that thermal 

stability of LIBs is totally independent of non-flammability of electrolyte solution itself. That is to say 

that non-flammability of electrolyte itself is never relevant to the safety mechanism of LIBs, totally 

depending on the tolerance ability against the heat generated within the cell.  

 

Figure 1-3. A novel experiment method determining non-flammability of electrolyte solution. The 

semi-arbitrary elapsed-time range of “Self-Extinguishing Time” for non-flammability is within 2 or 3 
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seconds per gram after ignition. Two fluorinated phosphorous-type materials exhibit a complete non-

flammability at higher concentration 

 

Figure 1-4. Cyclability of LiCoO2/Natural graphite full cell in the absence/presence of flame 

retardants; Base electrolyte (R) comprises EC/EMC (1/2 v/v) with 1M LiPF6, where high 

concentrations (15wt%, 30wt%) of trifluoro-phosphate (Left) and trifluoro-phosphite (Right) are 

added, respectively. 

 

1.2.2 Propane sultone (PS) 

 

The concept, logically-approaching method, mentioned in the previous diagram (Figure 1-2) 

shows the importance of 1
st
 criterion which emphasizes the stabilization of SEI layer (or stable 

reduction of electrolyte constituents). If the degradation of SEI on the negative electrode (e.g., 

graphite etc) or electrochemical incompatibility of electrolyte occurs, LIBs inevitably suffer from 
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severe capacity fading. Thus, when it comes to the tolerance against thermal abuse, it is more 

precedent to consider whether materials are accompanied with any sacrifice in performance. 

Propane sultone (PS) has commercially been used as an additive forming thermally-effective SEI 

layer in the LIBs. However, in our study, it is revealed that the addition of only PS itself in the 

conventional electrolyte leads to capacity decay at 23
o
C during cycle despite its thermal effectiveness. 

According to the logically-approaching method, in order to prevent any sacrifice of capacity, we 

adopt the combination with vinylene carbonate (VC) which has been well known as an essential 

additive to improve cyclability. Obviously, the addition of VC could offer significant synergy to 

construct strong barrier layer (SEI layer) on the graphite surface (Figure 1-5) .  

 

Figure 1-5. Cyclability of PS-assistant electrolyte solutions in the presence (red line) and absence 

(black line) of VC. Soft-packed full cells (about 750mAh) are applied as low current (0.5C/0.5C) 

operation. 

 

On the basis of the enhanced performance guaranteed by the combination with VC, we 

investigated thermal effect on PS in the state including VC for finding safer electrolyte solution. As 

the second criterion, the fully charged cells in the presence of PS are forcibly placed in the hot 

chamber (90
o
C) for 4 hours when the variation in thickness (T) of cells is in-situ monitored. The 



７ 

 

observation of delta T at elevated temperature is important indicator to determine thermal stability of 

electrolyte. The PS-present electrolyte has higher thermal stability without dimensional change by gas 

emission than PS-absent electrolyte (Figure 1-6). Surface SEI layer fortified by PS may prevent 

degradation of SEI layer at high temperature, eliminating the possible gas reaction. With a closer look, 

average delta T is depressed more than 70% for only-PS-present electrolyte, showing about 30% for 

solution containing PS with VC compared to carbonate-based electrolyte. Judging from the results 

shown in Figure 1-6, VC relatively has weaker thermal stability even if VC helps to form stronger SEI 

layer in the PS-based electrolyte. 

 

Figure 1-6. Thermal behavior of electrolyte solution in the absence (black) and presence of PS (blue: 

only PS, red: the combination between VC and PS additives). Thermal zone is divided into total 4 

parts from 90
o
C to 25

o
C. 

 

Apparently, PS has the high potential to suppress the gassing phenomenon which is one of the 

most serious obstacles in the LiCoO2/graphite electrode. The literature survey suggests that there is 

interaction of PS with cathode surface which improve performance at elevated temperature. However, 

PS doesn’t show any improvement in terms of safer LIBs, especially in thermal abuse condition like 
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Hot box (Figure 1-7). This means that enhanced performance at elevated temperature doesn’t always 

cover the safety, no fire and no explosion, at least in light of electrolyte despite the evidence of the 

interaction of PS with cathode. As shown in Figure 1-7, the temperature of fully charged cell is 

rapidly increased directly after reaching abuse condition (150
o
C) without any hesitation, resulting 

from massive amount of thermal energy generated by micro- and macro-short. As the heat 

accumulated within the cell is much greater than heat dissipation rate, fire and explosion inevitably 

occur. 

From preliminary results about PS, however, we can find two hints relevant to thermal stabilities; 

one is that construction of barrier layer on the cathode surface is one of the effective strategies to 

control thermal stability without any capacity fading and the other is that there can be different safety 

mechanisms to retard or delay the exothermic reaction between electrolyte and cathode surface. 

Accordingly, it is postulated that the fortification of passivation layer on the cathode surface can be 

helpful to contribute to enhanced safety, exhibiting desirable cell performance. 

 

Figure 1-7. Hot box behaviors of 4.2V charged full cell. Around 150
o
C, voltage profile is fluctuated 

due to shut down/melt down of PE separator. There are two temperature indicators; one is positioned 

in the center of Al-pouched cell and the other is in the chamber. 
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1. 3 Conclusions 

 

Judging from previous preliminary results, it is obvious that the critical factors to obtain safer 

LIBs without any damage in performance don’t lie in developing non-flammable electrolytes, but 

finding molecules to form barrier layer on the cathode surface to inhibit the interfacial reactivity of 

EC-based solution. Non-flammability is the most important requirement in the lithium ion electrolyte 

but it can cause severe deterioration in physicochemical properties of electrolyte, resulting in 

detrimental electrochemical performance. Thus, the exhibition of non-flammability using high 

contents of fluoro-phosphorous materials is not appropriate strategy for safer LIBs. To the contrary, it 

is desirable to adopt functional materials to control thermal reaction with the cathode electrode. 

Sulfonate-ester group in PS interacts with cathode surface, exhibiting improved performance at 

elevated temperature. At elevated temperature unlike mild condition, the solid electrolyte interface 

(SEI) on the graphite gets destroyed, allowing the direct reaction with lithiated graphite, and also 

delithiated LixCoO2 (x=0.5) enter into vigorous reactions with alkyl carbonates, resulting in large 

amount of gases. Accordingly, in terms of surface protection on both anode and cathode, PS is an 

effective additive. Nevertheless, these positive effects of PS never guarantee thermal safety. 

Yamaki et al. suggest that the major trigger to control “safety” is how to prevent the surface 

exothermic reactions between cathode surfaces and carbonate electrolytes. With the successful pre-

results obtained from phosphorous flame retardant and PS additive, we focused on the organic 

functionalities to control the interfacial reaction between electrolyte and cathode surface. The 

fundamental data of inorganic chemistry provides hints that electron-rich functional groups (e.g., 

nitriles (-CN), amine (-NH2) etc.) have the sufficient potential to stabilize positively-charged LixCoO2 

surface (0.5 ≤ x ≤1). That means there can be high probabilities to make protective layer suppressing 

interfacial side reactions induced by carbonates. The following studies of materials with nitrile 

functional groups are implemented in stages from monomer (aliphatic di-nitriles and mono-nitriles) to 

macromolecules (cyanoethyl PVA and cyanoethyl pullulan). 
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ІІ. Electronegativity-induced enhancement of thermal stability by SN 

 

2. 1 Introduction 

 

Nobody wonders that lithium ion batteries have conquered the market of rechargeable batteries 

for portable electronic appliances. Expanding their application area, lithium ion batteries are being 

developed for electric vehicles and stationary energy storage devices.
1
 Even if they were born for 

market’s needs for wireless and long-standing energy storage device, the reason for their use is being 

evolved from daily convenience to sustainability of human beings. They would contribute to slowing 

down the progress of global warming by enabling zero-emission cars and more efficient uses of 

electricity generated by eco-friendly generators such as solar cells and wind turbines.
2
 

As lithium ion batteries are scaled up for electric vehicles and large capacity storage, the concerns 

on safety become more and more crucial because fire or explosion in such a large scale results in 

more serious troubles. When cells are abused by electrical, thermal and/or mechanical events, several 

possible processes would go on: (1) exothermic reactions between electrodes and electrolyte; (2) 

thermal decomposition of electrodes (especially that of cathodes to release oxygen); (3) ignition of 

flammable electrolyte; (4) shrinkage of separator leading to internal short.
3
 A process initiates the 

others or multiple processes occur simultaneously and affects each other. 

As an intuitive and primitive idea to solve safety problems from electrolyte side, it would be 

helpful to decrease flammability of electrolytes. When a cell is abused and temperature goes up inside 

the cell, there would be no more second ignition accompanying with accelerated temperature increase 

in the non-flammable electrolyte system. Therefore, a lot of research efforts have been devoted to 

enhancing non-flammability of electrolytes. For example, phosphorus additives including phosphates
4
 

and phosphites
5
 were introduced as a non-flammability-enhancing additive into electrolyte of lithium 

ion battery cells. Unfortunately, those compounds caused adverse effects such as capacity fading with 

large gas emission.
6
 Also, even a deterioration in cell safety was observed with the non-flammability-

enhancing additives, implying that the non-flammability as a bulk material property did not lead 

directly to that of electrochemical cells.
7
 Therefore, it would be very challengeable to enhance safety 

without any sacrifice of performances of cells by controlling non-flammability of electrolytes. 

We focused on what is the initial process during safety troubles with thermal development. The 

ignition of flammable electrolyte would be not the one because the event occurs after temperature 

reaches a flash or fire point of the electrolyte. To block progress of the initial process would be 

efficient strategy only unless the strategy harmed cell performances. One of the initial processes is 

exothermic reactions between electrodes and electrolyte. Differential-scanning-calorimetric (DSC) 
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studies illustrated that exothermic heat caused by the interfacial reactions is directly related to thermal 

instability of cells.
8
 

A molecular layer inserted at the interface would play a certain role (which is positive or 

negative) in controlling the interfacial reactions between electrodes and electrolytes. Succinonitrile 

(SN, CN-[CH2]2-CN) has been used as a plasticizer enhancing ionic conductivity and polarity in solid 

polymer electrolyte
9
 and also as a ligand forming complex structures with metals

10
. In this work, we 

adopted SN as a thermal-stability-enhancing additive, expecting its nitrile functional groups (-CN) to 

form strong bonds with transition metals (Co) on the surface of cathode. Also, its experience used in 

electrolyte guarantees no serious adverse effects related to side reactions and deteriorated charge 

transport. We believe this is the first academic and scientific report to study the effects of SN on 

thermal stability or safety of cells (following patents
11

). A conventionally popular battery system was 

used as a model: LiCoO2 as cathode and natural graphite as anode with ethylene carbonate-based 

electrolyte of LiPF6. 

 

2. 2 Experimental 

 

2.2.1 Electrolytes 

 

Three different electrolytes were used as indicated in Table 2-1. EL is the base electrolyte that is 

commonly used in other electrolytes without any additives. It was dried with activated molecular 

sieves and then distilled before use. Fluoroethylene carbonate (FEC, Solvay Fluor) was used as an 

additive to form an effective solid-electrolyte interface (SEI) layer in ELF and ELF+SN. SN (Acros) 

was used as received in ELF+SN. 

 

Table 2-1. Composition of electrolytes 

Code Composition* 

EL 1M LiPF6 in 1:2 vol. % EC:EMC 

ELF EL + FEC 2 wt. % 

ELF+SN EL + FEC 2 wt. % + SN 3 wt. % 

* EC = ethylene carbonate, EMC = ethylmethyl carbonate, FEC = fluoroethylene carbonate, SN = 

succinonitrile 

 

2.2.2 Physical properties 
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Ionic conductivity of electrolytes was measured in a dry room by a conductivity meter (Mettler-

Toledo, SevenGo Duo pro with an InLab 731 carbon 4-pole conductivity probe). Also, viscosity of 

electrolytes was measured by using a viscometer (Brookfield, DV-II+ Pro with SC4-18 spindle). 

During measurements, temperature of electrolytes was controlled between -20
o
C to 45

o
C. Each 

measurement was done at least after 30-miniute thermal equilibration. 

 

2.2.3 Electrochemical analysis 

 

760mAh pouch-type cells were prepared for testing full cells. LiCoO2 (KD 10, Umicore) and 

natural graphite (DAG-87, Sodiff) were used as active materials of cathode and anode, respectively. 

Porous polyethylene separator (NH616, Asahi) was used. Anodes were prepared by slurrying the 

natural graphite powder with 1.5wt% styrene-butadiene rubber (SBR) (BM400B, Zeon) and 1wt% 

carboxy-methyl cellulose (CMC) (BSH12, Daichi). Cathodes were prepared by mixing LiCoO2 with 2 

wt. % carbon black (Super-P) and 3 wt. % polyvinylidene fluoride (PVDF) (KF1000, Kureha). The 

slurries were coated onto copper foil for anodes or aluminium foil for cathodes, followed by drying at 

80
o
C under vacuum. Cells were galvanostatically charged to 4.2 V at room temperature and then 

potentiostatically charged at 4.2 V when current reached 5 % of charging current. Then, they were 

discharged to 3 V galvanostatically. A battery tester (CTS-LAB, BaSyTec GmbH) was used for 

cycling charge/discharge. Formation of SEI layer caused by reductive decomposition reactions during 

the first charging was investigated by a curve of dQ/dV versus V where Q = charge or capacity and V 

= potential. To investigate anodic stability of electrolytes, cyclic voltammograms (CVs) were 

obtained between 3 V to 6 V with a Pt microelectrode as a working electrode in electrolytes. 

 

2.2.4 Differential scanning calorimetry (DSC) 

 

Thermal properties of cathodes were investigated from 40
o
C to 300

o
C at 10

o
C min

-1
 by DSC (TA 

instruments, Q100). Cathode samples obtained from full cells fully charged at 4.2 V were transferred 

into a high-pressure cylindrical vessel in a dry room. 

 

2.2.5 X-ray photoelectron spectroscopy (XPS) 

 

Surface species on cathodes were investigated by XPS. Charged cells were disassembled and 

fully rinsed with EMC in a nitrogen dry box. Then, the cathode samples placed on holders were 

transferred to a XPS spectrometer that is connected to the dry box through a transfer chamber without 
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any exposure to air and/or moisture. K-alpha spectrometer (Thermo Fisher) was used with a focused 

monochromatized Al Kα radiation (hν=1486.6eV). The analyzed area of each sample was 400 um
2
. 

Peaks were recorded with constant pass energy of 50 eV. 

 

2.2.6 High temperature storage measurement 

 

Thickness of fully charged pouch cells was measured at high temperatures (80 or 90 
o
C) by a 

thickness recording reader. 

 

2. 3 Results and discussion 

 

2.3.1 Electrochemical stability of SN 

 

At the first charging process called formation process, unstable electrode surface reacts with 

components in electrolytes to form a stable surface layer called SEI layer. The properties of the SEI 

layers determine cell performances, cyclability and thermal stability. What happens with three 

different electrolytes at the first charge were investigated especially from the viewpoint of the SEI 

layer formation in differential capacity plots (Figure 2-1). Faradaic reactions are observed as peaks in 

the plots of differential capacity that is re-constructed from potential profiles of charge. One more 

thing that should be noted is that the potential of anode moves more negative as the cell potential 

indicated in the figure increases in a positive direction since the cell potential is recorded versus anode.  

With the base electrolyte without any additives (EL), the reaction peak related to the SEI layer 

formation on graphite surface was observed at about 3.2 V. At the cell potential, EC is reductively 

decomposed to insoluble surface compounds on graphite. When FEC was introduced (ELF), the peak 

of SEI formation were shifted toward lower cell potential of about 2.85 V. The lower value of the 

lowest unoccupied molecular orbital energy (ELUMO) of FEC enables the molecule more easily 

reduced at the lower cell potential or less negative potential: ELUMO =  0.983 eV (FEC) versus 1.242 

eV (EC). With additional SN in presence of FEC (ELF+SN), no significant difference was observed 

in terms of potential of reaction and its intensity. It indicates that SN is electrochemically stable for 

reduction at least in presence of FEC (cathodic stability) and the decomposition products of FEC 

mainly are composed of SEI layer. 
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Figure 2-1. Differential capacity versus cell potential for full cells of LiCoO2/ natural graphite with 

three different electrolytes during the first charge 

 

In addition to confirming its cathodic stability, anodic stability of SN-containing electrolytes was 

investigated by cyclic voltammograms (CVs) with Pt electrodes (Figure 2-2). No significant 

oxidation currents were observed up to 5.0 V independent of SN. After 5.0 V, an oxidation peak was 

observed at 5.2 V in absence of SN, followed by the increase of oxidation current: ip = 1.3 uA at 5.2 V 

and i = 4.0 uA at 6.0 V. On the other hand, the oxidation peak was shifted more positively to 5.4 V 

with a smaller peak current: ip = 1 uA at 5.4 V and i = 2 uA at 6 V. From the results, anodic stability is 

confirmed in the case of presence of SN in EC-based electrolytes with FEC. 
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Figure 2-2. Cyclic voltammograms of two different electrolytes without and with SN (ELF and 

ELF+SN) recorded on a Pt electrode at a scan rate of 10 mV s
-1

. 

 

2.3.2 Ionic conductivity (σ) and viscosity (η) of the electrolytes 

 

One of the requirements for good functional additives is that they have no negative effects on cell 

performances. As basic properties related to charge transfer through electrolyte, ionic conductivity 

and viscosity of electrolytes were investigated as a function of temperature in absence and presence of 

SN (Figure 2-3). There are no very significant decrease of ionic conductivity and viscosity observed 

by introducing 3 wt. % SN. With a closer look, a little bit lower ionic conductivity and slightly higher 

viscosity were obtained with SN (ELF+SN), compared with the SN-absent electrolyte (ELF).  

Ionic conductivity results from product of number of carriers or charges by their mobility. 

Number of carriers is related to dielectric constant (ε) of components of electrolytes: ε = 89.1 for EC, 

2.8 for EMC and 55 for SN at 25 
o
C. Higher dielectric constant leads to better solvation of ions, 

producing larger amount of charges such as Li
+
 and PF6

-
 in electrolyte. The dielectric constant of SN 

is between the values of EC (solvation constituent) and EMC (mobility constituent). By weighted 

summation of dielectric constants, no big difference between EC/EMC and EC/EMC + 3 wt. % SN is 

confirmed.  
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Figure 2-3. Ionic conductivity (a) and viscosity (b) as a function of temperature of two different 

electrolytes without and with SN 

 

Ionic mobility (σ) is reversely proportional to viscosity (η), which is theoretically expected by 

the combination of the Einstein equation (relationship between diffusivity and σ) and the Stokes-
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Einstein equation (relationship between diffusivity and η).
12

 The increasing order of η is: EMC (0.665 

cP at 25 
o
C) < EC (1.92 cP at 40 

o
C) < SN (2.66 cP at 60 

o
C). Even if slightly larger η is observed 

with the SN-containing electrolytes especially at low temperatures, there is not such a large increase 

of η by SN. As a conclusion, introduction of 3 wt. % SN into electrolyte leads to negligible change of 

ionic conductivity. 

 

2.3.3 Thermal stability enhanced by SN 

 

At temperature higher than 80 
o
C, charged lithium ion cells experience collapse of passivation 

films (SEI layers) and subsequent reactions between electrolyte and the exposed surface of electrodes, 

releasing large amount of gases. The gas evolution results in dimensional change and even formation 

of crack leading to leak of electrolyte in pouch-type lithium ion full cells. Therefore, thermal stability 

of cells can be visualized by change in apparent thickness of pouch-type cells. Two different 

conditions were adopted for cells fully charged at 4.2 V: 4 hour storage at 90 
o
C and 3 day storage at 

80 
o
C. Obviously, thickness change (Δt) was estimated smaller in the SN-containing electrolyte for 

both conditions, compared with its counterpart. Δt of ELF+SN is about  20 % and  50 % that of 

ELF for the short-term and long-term tests, respectively (Figure 2-4).  

The dimensional change is deeply related to the amount of gas evolution that is proportional to 

the extent of thermal degradation of passivation films and reactions between electrolyte and electrode. 

The smaller thickness change would be based on low reactivity between electrolyte and electrodes. 

From the formation data (Figure 1), it was shown that SN does not significantly participate in the SEI 

layer formation on graphite anodes. Therefore, it is postulated that the gas generation at high 

temperature is more deeply involved in the reaction between electrolyte and cathode. It can be 

concluded that SN molecules are helpful in terms of thermal stability probably by controlling the 

interface between electrolyte and cathode. 
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Figure 2-4. Dimensional change of pouch-type full cells stored (a) at 90 
o
C during 4 hours and (b) at 

80 
o
C during 3 days. 

 

Thermal behaviour of charged LixCoO2 cathodes soaked in electrolyte with SN and without SN 

was investigated by DSC (Figure 2-5). There are three exothermic peaks observed with SN-absent 



１９ 

 

electrolyte. Onset temperature of the first peak is 130 
o
C.  Heat generation is initiated by interfacial 

reactions between electrolyte and cathode. As temperature goes up, cathode material becomes 

unstable with oxygen released. In the exothermic peak at 213 
o
C, electrolyte is violently oxidized by 

the released oxygen. 

By introducing SN to the electrolyte, the onset temperature moved higher to 200 
o
C or the first 

peak observed at 213 
o
C in the SN-absent electrolyte disappeared. It means that SN extended a 

thermally stable window from 150 
o
C to 200 

o
C. Also, the amount of exothermic heat (ΔH) produced 

by interfacial reaction is clearly reduced by SN: ΔH = 1432.1 J g
-1

 for the first two overlapped peaks 

in absence of SN and ΔH = 428.8 J g
-1

 for the first single peaks in presence of SN. Serious amount of 

heat would result in temperature increase that triggers side reactions at interface, resultantly leading to 

thermal runaway. 

 

Figure 2-5. DSC profiles of 4.2V charged LixCoO2 cathode including 3wt% succinonitrile (SN) 

additive (Red line) and that without SN (Black line), respectively. 

 

2.3.4 Interfacial interaction between SN and LixCoO2 

 

Why or how thermal stability is enhanced by SN was scrutinized by X-ray photoelectron 

spectroscopy (XPS). Photoemission from nitrogen 1s orbital (N1s) of nitrile groups in SN and cobalt 
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2p orbital (Co2p) of LiCoO2 was investigated to reveal the interaction between SN and the surface of 

LiCoO2 (Figure 2-6). Samples were obtained from cathodes of two different full cells: SN-absent 

electrolyte was used in one while SN–containing electrolyte was used in the other. The samples were 

completely rinsed with EMC to remove SN that is not interacted with surface or to leave only strongly 

surface-bound species. 

The N1s signal was clearly detected at 399.3 eV in the sample from the SN-containing cell 

(Figure 2-6). The peak to support SN as a surface species on cathode was observed uniformly over the 

whole surface of cathodes. However, for a comparison, the peak was not found in its counterpart from 

the SN-absent cell. 

 

Figure 2-6. X-ray photoemission spectra of N1s for cathodes charged at 4.2V with SN-absent or SN-

containing electrolytes 

 

Also, Co2p photoemission spectra show an evident difference in location and shape of peaks 

between the two samples (Figures 2-7 and Table 2-2). For the sample from SN-absent charged cells, 

two peaks are observed at 779.5 eV (2p3/2) and at 794.5 eV (2p1/2). Since Co is oxidized during charge, 

the characteristics of Co
4+

 as well as Co
3+

 are observed via deconvolution analysis of XPS peaks.
13

 

Portion of each state constituting 2p1/2 and 2p3/2 peaks is ~44 % for Co
3+

 and ~56 % for Co
4+

. 

Introducing SN into electrolyte brings a dramatic change in the Co oxidation state. Binding energies 
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of two peaks were shifted higher to 782 eV (2p3/2) and at 797 eV (2p1/2), indicating Co
4+

 characteristic 

becomes more dominant over that of Co
3+

. In addition to the majority Co
4+

 (80 to 84 %) and the 

minority Co
3+

 (~13 %), one more electronic state should have been considered to fit the XPS peaks 

with a satisfactory goodness of fit. The peak was assigned to a more positive electronic state Co
(4+ ε)+

 

since it was discovered at a higher binding energy. Therefore, we could say that electronically more 

positive states of Co are developed by the help of SN. 
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Figure 2-7. X-ray photoemission (XPS) spectra of Co2p for cathodes charged at 4.2V with SN-absent 

or SN-containing electrolytes. 
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Table 2-2. Peak deconvolution information of Co2p XPS spectra shown in Figure 2-7. 

Oxidation number B.E
a
 (FWHM

b
) 

ELF Area (%)
c
 ELF+SN Area (%)

c
 

III 
779.5 (2.3) 

794.5 (2.3) 

43.7 

43.6 

779.4 (2.3) 

794.6 (2.0) 

13.1 

12.7 

IV 
781.4 (4.2) 

796.4 (3.9) 

56.3 

56.4 

782.0 (3.3) 

797.2 (3.2) 

80.6 

84.0 

IV+ε - - 
785.2 (2.1) 

799.8 (1.6) 

6.3 

3.4 

Satellite peaks 
d
 

789.4 (2.2) 

804.7 (3.5) 

- 

- 

788.9 (1.6) 

803.8 (2.0) 

806.5 (2.0) 

- 

- 

- 

a
 B.E = Binding energy in eV; 

b
 FWHM = Full width at half maximum, 

c
 Area = % relative area 

occupied by the indicated state in the corresponding peak; 
d
 Electronic state of Co has not been 

intentionally identified for deconvolution of satellite peaks, since a measure of goodness of fit (r
2
) is 

more than 0.99. 

 

Evolution of more positive states of Co in presence of SN can be explained in terms of effective 

charge balancing mechanism (Figure 2-8). The SN molecules attached to the surface layer of LiCoO2 

are electron-rich, providing electronegative environments (δ-) to surface atoms of Co. However, the 

electrons of SN are not completely donated to Co atoms, still belonging to SN. During charging or 

extracting electrons from LiCoO2, more electrons are escaped from the surface complex Co-SN 

because their effective charge is more negative than that of Co atoms in bulk: (3-δ)+ for surface and 

3+ for bulk. In an equilibrated charged state, the effective charge is balanced between surface layer 

and bulk. That is to say, Co atoms in the surface layer have larger oxidation number or more positive 

charges ((4+δ)+) that is compensated by the electronegative cloud of SN (δ-). 
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Figure 2-8. (a) Change in charge of cobalt atom after delithiation between bulk and surface. (b) 

Comparison of effective charge of cobalt or cobalt-SN complex between bulk and surface. After 

delithiation, the effective charge is balanced. 

 

O1s spectra were also interpreted by a similar way used in analyzing Co2p spectra. O1s spectra 

at charged state were resolved into three deconvolution peaks (Figure 2-9 and Table 2-3). The 

relative amount of O
-
 in the charged state of LiCoO2 of the SN-absent cells is well matched with the 

value of the previously reported work.
13

 By introducing SN into electrolyte, the portion of more 

positive (or less negative) characteristics became more emphasized (81 % to 89 % for O
-
 and 5 % to 

6.7 % for O
(1-α)-

) while the most negative species (O
2-

) was depressed from 14 % to 4 %. More 

positively charged state of O can be explained by the effective charge balancing mentioned above. 

From the XPS analysis, therefore, it is concluded that introducing SN into electrolyte leads to the 

formation of surface complex consisting of Co and SN. The nitrile groups of SN ligands provide 

electronegative environments inducing more positively charged states of Co and O atoms especially 

on surface during charging. The interaction between the highly oxidized states of Co and 
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electronegative SN would cause strong metal-ligand coordination, presumably depressing instability 

of its own and reactivity against species in electrolyte. 
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Figure 2-9. X-ray photoemission spectra of O1s for cathodes charged at 4.2V with SN-absent or SN-

containing electrolytes 

 

Table 2-3. Peak deconvolution information of O1s XPS spectra shown in Figure 2-9. 

Oxidation number 
B.E (FWHM) 

ELF Area (%) ELF+SN Area (%) 

2- 528.7 (1.5) 14 528.7 (1.5) 4.0 

1- 532.3 (4.0) 81 532.5 (3.0) 89 

(1-α)- 533.4 (1.7) 5 533.8 (1.3) 6.7 

 

2.3.5 Cell performances and safety 

 

Thermal stability enhanced by SN was confirmed in previous sections. However, the additive would 

not be still very useful even with such an enhanced safety if cell performances were sacrificed in 

presence of the additive. Therefore, electrochemical performances of LiCoO2 / graphite cells were 

evaluated in absence and presence of SN (Figure 2-10). There was no seriously significant difference 

between cells, indicating no or little deteriorated effects of SN on cell performances. This is expected 

basically from no significant change of ionic conductivity and viscosity of electrolytes between before 
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and after introducing SN. With a closer look, ELF+SN shows slightly more extent of capacity decay 

at initial cycles up to the 20
th
 cycle at room temperature and up to the 60

th
 cycle at 45 

o
C. However, 

the capacity was stabilized and even more flat after the initial period. Finally, the same capacity was 

obtained between ELF and ELF+SN at the 120
th
 cycle at room temperature and at the 200

th
 cycle at 45 

o
C. After the iso-capacity point, a superior performance is expected with ELF+SN. The sustainable 

cycle life curve without large capacity fading confirms that small amount of SN is available in being 

used as additive because it can provide outstanding thermal stability without any sacrifice of cell 

performance. 
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Figure 2-10. Cycle performances of LiCoO2/graphite full cells with SN-absent and SN-containing 

electrolytes (a) at 23 
o
C with 0.5C charge / 0.5C discharge and (b) at 45 

o
C with 1C charge / 1C 

discharge 

 

As a final confirmation of enhanced safety that is supposed to be achieved by SN, the hot box 

test suggested in a safety standard for lithium batteries by Underwriters Laboratories (UL) were 

carried out. Temperature and cell voltage of pouch-type full cells stored at 150 
o
C for 1 hour were 

recorded for the SN-containing electrolyte and its control (Figure 11). The hot box test shows that the 

pouch-type lithium ion cell with SN did not suffer from damages such as fire and explosion, contrary 

to that without SN. With the SN-absent electrolyte, the potential abruptly went down to 0 V after the 

isothermal period at 150 
o
C was reached and then was severely fluctuated by micro- or macro- shorts. 

At the temperature, a porous polymer separator is melt-down and shrunk.  After about 20 minutes at 

150 
o
C, overflow of electricity caused by shorts triggered very severely abrupt increase of temperature 

called thermal runaway. Vertical overshoot of temperature was clearly observed up to 220 
o
C  

(Figure 11a), followed by loss of recording of temperature and potential due to fire and/or violent 

explosion. To the contrary, the cell with SN did not experience thermal runaway with potential 

relatively stabilized (however, still not recovered to 4.2 V) even if its initial response to the thermal 

shock was not much different from that of cell without SN (Figure 11b). The SN-bound cathode 
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surface played a positive role on blocking pathways of shorts and depressing side-reactions between 

electrolyte and electrode. 
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Figure 2-11. The change of open circuit potential of fully charged LixCoO2/graphite cells in absence 

(a) or presence (b) of SN at 150
o
C (hot box test) 

 

2.4 Conclusion 

 

In this work, it was shown that SN can be used as an additive to enhance thermal stability and 

resultantly safety in an EC-based electrolyte with LiCoO2 / graphite systems. The strong interaction 

between surface metal atoms of LiCoO2 and nitriles of SN results in formation of surface metal/ligand 

complexes that depress undesired interfacial reactions to hinder gas evolution and block the progress 

of micro- or macro-shorts to prevent thermal runaway. Thermal stability was visualized by thickness 

change at high-temperature storage and DSC while a hot box test confirmed the enhanced safety with 

SN. By using XPS, evidences of the existence of cobalt-nitrile surface complex were provided from 

peaks of N1s, Co2p and O1s of charged LixCoO2. One more noticeable point is that the enhanced 

safety was obtained without any sacrifice of performances. Therefore, we believe SN is one of the 

most potential additives for improving safety especially for large-scale lithium ion batteries for 

electric vehicles and energy storage devices.  

Also, there is every possibility that a lesson from this study can be generalized, not limited to SN. 

Electronegativity provided by an additive on an electrode surface can be regarded as a criterion to 
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choose a proper additive for enhancing thermal stability. In the case of cobalt as revealed in this work, 

more positive oxidation states of cobalt (Co
4+

 and Co
(4+ ε)+

) were induced via effective charge 

balancing process during charging. The induced surface states combined with SN showed enhanced 

thermal stability. If the same principle were working, we could choose proper additives for depressing 

dissolution of Mn
2+

 ions in LiMn2O4 spinel and for enhancing thermal stability of Ni-containing 

cathode materials. 
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ІІІ. Surface coverage of aliphatic nitrile molecules 

 

3. 1 Introduction 

 

Lithium-ion batteries (LIBs), due to their high capacity of energy storage, have dominated energy 

storage markets for consumer electronics, electric vehicles and even grid-connected renewable energy 

sources. The ever-increasing demand for higher energy density has aggressively pushed LIBs to the 

brink of electrochemical limitations. Cells have been designed to load more active materials within 

confined cell geometry
14

 and cathode materials operating at high voltages have been developed.
15

 

However, these efforts have simultaneously triggered growing concerns in intrinsic safety because 

higher electric energy can be converted to the same amount of exothermic reactions in case cells are 

subjugated to unexpected operational conditions or inadvertent abuse.  

Conventional organic electrolytes are volatile and flammable, making LIBs vulnerable to safety 

issues. The suppression of thermal reactions between charged electrodes and electrolytes is reported 

to be helpful for enhancing safety of LIBs.
16

  Importantly, prerequisites lying on the interfacial 

protection strategies should be no sacrifice of electrochemical performance. Electrolytes are possibly 

decomposed or oxidized beyond 4V at elevated temperatures so that cells experience capacity fading 

inevitably with gas emission, dimensional distortion and problematic cycle life. 

Introduction of succinonitrile to electrolytes, in our previous study, improved thermal stability of 

LIBs without any sacrifice in performance, modifying electrode-electrolyte interface by strong 

interaction between nitrile functional group (-CN) and LixCoO2 (0.5<x<1) cathode surface.
16c

 The 

similar improvement of thermal stability was also observed in macromolecules containing cyanoethyl 

functional groups.
16b

 With the successful experiences with nitriles, we had a conclusion that it would 

be logically good choice of study to investigate the effects of molecular configuration of the 

compounds containing electron-rich nitrile groups on the surface chemistry between electrolytes and 

LixCoO2 cathodes. However, few studies on thermal stability relevant to the nitrile-based electrolyte 

have been found in the literature and most reports on nitrile molecules have only focused on high 

voltage
17

 and energy/power.
18

 In this work, we used mono-nitriles (CH3-[CH2]m-CN or (1, m)) and di-

nitriles (CN-[CH2]n-CN or (2, n)) with a variation of aliphatic chain length to study on the effects of 

the number of cyano groups (1 or 2) and the number of carbons (m or n) in the aliphatic chains. The 

surface coverage of the nitriles is expected to depend on the molecular configuration. 

 

3. 2 Experimental 
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 3.2.1 Electrolytes 

 

Carbonate-based electrolytes with lithium salt and FEC as an additive was used as a base 

electrolyte (Soul Brain; H2O level ≤ 10ppm). Aliphatic mono-nitriles and di-nitriles (Acros) were 

added to the base electrolyte at 3 wt. %. Molecules with three different lengths of aliphatic chains 

were used for each nitrile (Table 3-1). All chemicals were placed with molecular sieves before use. 

Electrolytes were prepared in a glove-box (MBraun, Germany; H2O ≤ 1 ppm and O2 ≤ 1 ppm). 

 

Table 3-1. Composition of carbonate-based electrolytes  

Notation Composition* 

Base 1M LiPF6 in EC:EMC (1:2 vol. %) + 2 wt. % FEC 

(2,n) Base + 3 wt. % CN-[CH2]n-CN (n=2, 5, 10) 

(1,m) Base + 3 wt. % CH3-[CH2]m-CN (m=2, 5, 10) 

* EC, ethylene carbonate; EMC, ethylmethyl carbonate; FEC, fluoroethylene carbonate; n=2, 

succinonitrile; n=5, pimelonitrile; n=10, dodecane-dinitrile; m=2, butyronitrile; m=5, heptanenitrile; 

m=10, dodecane-nitrile 

 

3.2.2 Physicochemical analysis 

 

Ionic conductivity was measured in a temperature-controlled circulator by using a conductivity 

meter (Mettler-Toledo, SevenGo Duo pro). Viscosity of electrolytes was estimated by a viscometer 

(Brookfield, DV-II+ Pro with SC4-18 spindle), which was measured at least two times at a shear rate 

of 198 to 264 sec
-1

 at a fixed temperature. 

 

3.2.3 Electrochemical analysis 

 

Soft-packed LiCoO2 (LCO)|graphite cells (760mAh at its nominal capacity) were prepared with a 

separator of porous polyethylene (NH616, Asahi). Composition of cathodes was 95 wt. % LCO (KD 

10, Umicore), 2 wt. % Super-P and 3 wt. % polyvinylidene fluoride (PVDF) (KF1000, Kureha). 

Composition of anodes was 97.5 wt. % natural graphite (P15BDH, Nippon Carbon), 1.5 wt. % 

styrene-butadiene rubber (SBR) (BM400B, Zeon) and 1 wt. % carboxy-methyl cellulose (CMC) 

(BSH12, Daichi). The electrodes were stacked and assembled into Al-laminated packages. For 
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stabilization, batteries were charged to 4.2V (constant current/constant voltage with 5% cut-off of 

current) and discharged to 3V (constant current) at a rate of 0.2C several times before evaluation. 

 

3.2.4 Thermal analysis 

 

Thermally-induced reactions between electrolytes and cathodes were investigated in the range of 

30 
o
C to 300 

o
C at 10 

o
C min

-1
 by differential scanning calorimetry (DSC; TA instruments, Q100). 

Cathodes of charged full cells were used as specimen. The specimen were placed in high-pressure 

DSC cells (Perkin Elmer) sealed with gold-copper sheets in a dry room. 

 

3.2.5 Cell thickness measurement at high temperature 

 

Fully charged soft-packed cells were placed on insulating flat plates in a convection oven at 80 

o
C for 3 days. Dimensional changes in thickness were in situ measured by micrometer recorders 

(Mitutoyo). 

 

3.2.6 Electrochemical impedance measurement 

 

The impedance spectra of cells fully charged at 4.2 V were obtained by applying 10 mV ac amplitude 

in the frequency range of 10 mHz to 200 kHz. All measurements were performed at 23
o
C using a 

potentiostat (Biologic VSP) with built-in EIS analyser. Cells experiencing the thermal storage at 80 
o
C 

for 3 days were used. Before measurement, cells were charged and discharged at a rate of 0.2C to 

observe recovery efficiency. 

 

3. 3 Results and Discussion 

 

 3.3.1 Basic properties of electrolytes 

 

Ionic conductivity (σ) and viscosity (η) were investigated as a function of temperature in the 

presence and absence of aliphatic nitriles (Figure 3-1). As η and σ are directly related to 

electrochemical performances of LIBs, it should be checked whether introduction of nitriles into 

electrolytes change the properties of the base electrolyte. From the viewpoint of temperature 

dependency, η decreased with increasing temperature while σ increased, following Arrhenius 

behavior roughly. Serious impairment of the fluidic and transport properties by introducing nitriles 
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into the base electrolyte are not expected when considering high dielectric constant of nitriles
19

 

(intermediate value between EC and EMC) and their low melting points
17a

. There were no significant 

changes of η and σ observed with nitriles with up to five aliphatic carbons independent of the number 

of cyano groups. With m = 10 or n = 10, however, σ decreased slightly with higher values of η for 

both mono-nitriles and di-nitriles. Therefore, the use of too long chain of aliphatic moiety is not 

encouraged. With a closer look for comparison, the electrolyte containing mono-nitrile with m = 2 or 

(1,2) showed a slightly enhanced values of η and σ (3.6 cP; 9.7 mS cm
-1

 at 23 
o
C), compared with 

those of the base electrolyte (3.7 cP; 9.5 mS cm
-1

). On the basis of the above observations, we can 

suggest that it is furthermore reasonable to select nitrile components with shorter chain length than 

larger ones. 
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Figure 3-1. Viscosities (η; a and c) and ionic conductivities (σ; b and d) of electrolytes containing 

aliphatic di-nitriles (a and b) and mono-nitriles (c and d). (x,y) indicates the base electrolyte in the 

presence of nitriles with x = the number of nitrile groups and y = the number of aliphatic carbons. 

 

 3.3.2 Thermal stability 

 

Surface of charged or delithiated LixCoO2 (x = 0.5) is highly reactive with solvent molecules in 

electrolytes at excessive high temperature, resulting in electrolyte decomposition, large amount of gas 

emission and subsequent capacity fading. These negative defects, if even lasted without any break, 

engender dimensional distortion, cracks in Al pack housing sheets, leakage of electrolyte and even 

thermal runaway.  
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As an effective method to prevent these thermal side reactions, the use of succinonitrile (SN) as 

an additive was demonstrated in our previous report.
16c

 On the basis of stable behavior of SN, thermal 

stability of LCO|Graphite cells containing the base electrolyte in the presence of nitriles were 

estimated by tracing thickness of the pouch cells stored at 80 
o
C during three days (Figure 3-2). All of 

the nitrile-present electrolytes showed smaller dimensional expansion than the base electrolyte. The 

cell thickness change was most serious with the additives at m = 10 or n = 10 among the nitrile-

containing electrolytes. The shorter aliphatic chains (m or n = 2 or 5) were favoured in terms of the 

dimensional change for both mono-nitriles and di-nitriles. The smaller dimensional changes at high 

temperature indicate suppression of gas evolution, which is totally because the electrode-electrolyte 

interface modified by nitriles works effectively through protective layer formation on the surface of 

LCO. In comparison between nitriles, the di-nitriles were more effective than the mono-nitriles for 

thermal stability (except of m or n = 10): e.g. percentage of maximum expansion with respect to that 

of base electrolyte = 50 % for (1,5) and 40 % for (2,5).  

In addition to side reactions on cathodes, the gas evolution induced by thermal degradation of 

passivation layer on graphite anodes should be considered. Nitrile molecules did not significantly take 

part in the formation of solid-electrolyte interphase (SEI) layer. Differential capacity plots (dQ/dV vs 

V in Figure 3-S1a and b) of the SEI layer formation showed there are no distinguished changes of 

peaks (neither peak shift nor new peaks) between before and after the addition of nitriles. The main 

formation peaks were caused by cathodic decomposition of FEC. Only thing recognizable was 

reduction of peak area or charges relevant to the SEI formation. Therefore, the dimensional changes in 

thickness of the soft-packed cells at high temperature are mainly attributed to the interfacial reactivity 

of electrolyte contacted with cathode. Different from the aliphatic nitriles, however, alkene-containing 

nitriles (e.g. cis, cis-mucononitrile) were decomposed prior to FEC during the SEI layer formation 

process, delivering inferior capacities (Figure 3-S2a and b) 
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Figure 3-2. Dimensional change of pouch-type LCO/graphite cells at 80 
o
C for three days with 

electrolytes containing (a) aliphatic di-nitriles (2,n) and (b) aliphatic mono-nitriles (1,m). 

 

 3.3.3 Surface coverage of nitrile molecules on cathode surface 
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The dependency of thermal stability on aliphatic chain length (m or n) can be understood from the 

viewpoint of coverage of nitrile molecules adsorbed on the LCO surface (Figure 3-3). In the absence 

of nitriles (Figure 3a), solvent molecules (carbonates) or Li
+
-associated solvent molecules contact 

delithiated Li0.5CoO2 surface directly, leading to side reactions emitting gases at a thermal condition. 

In the presence of nitrile molecules, however, the direct contact of the solvent molecules is suppressed. 

Prior to the solvent molecules, the nitrile molecules are adsorbed on the delithiated, so partially 

positively charged, surface of cathode. The strongly preferred adsorption is driven by the 

electronegativity of nitrile groups (-CN).
16c

 The degree of preventing solvent molecules from direct 

access to the surface (that is to say, thermal stability) probably depends on the surface coverage (θ) of 

nitrile molecules and steric hindrance of their aliphatic chains. The higher θ or larger molecular 

volume blocks the direct access of solvent molecules more significantly. As the chain length 

proportional to the number of carbons (m or n) increases, θ decreases with steric hindrance increasing. 

Therefore, effects of the two factors on thermal stability are traded off in a certain range of m or n 

values. With m or n = 10, the value of θ is too small to cover the cathode surface efficiently (Figure 

3b). The steric hindrance of long nitrile molecules blocks not only direct contact of solvent molecules 

but also, even more seriously, additional adsorption of nitrile molecules. Less coverage by nitrile 

molecules exposes intact surface to electrolyte, leading to side reactions. With m or n = 2 and 5, 

aliphatic chains of the compact adsorption layer or higher coverage hinder the access of solvent 

molecules and also suppress the contact between electrolyte and electrode surface (Figure 3c). The 

similar level of thermal stability between m or n = 2 and 5 could be obtained because the blocking 

effects results from summation of the two factors, θ and steric hindrance, which have counter-

directional m or n-dependency.  
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Figure 3-3. Effects of coverage (θ) by nitrile adsorption and steric hindrance of aliphatic chains of 

nitriles on protecting cathode surface from electrolyte. Electrolyte accessibility into cathode surface 

was described in nitrile-absent electrolyte (a) and nitrile-present electrolytes of long-chain nitriles (b) 

and short-chain nitriles (c). 

 

To confirm the coverage effect on thermal stability, the concentration dependency was 

investigated (Figure 3-4). The adsorption amount or θ is determined by equilibrium between species 

in solution phase and adsorbed species so that higher concentration of nitriles in electrolyte leads to 

higher θ. Succinonitrile (n =2) and propionitrile (m =1) were used as representative molecules of di-

nitriles and mono-nitriles, respectively. Excessive amounts of electrolytes more than those used in 
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other experiments (e.g. Figure 2) were injected to soft-packed cells of LCO|Graphite to investigate 

difference of gas swelling distinctively. Dimensional changes caused by gas evolution decreased with 

increasing concentration of both di-nitriles and mono-nitriles. While the change of cell thickness 

(Δthickness) with the base electrolyte reached 6.85 mm at its maximum, both succinonitrile and 

propionitrile-present electrolytes ((2, 2) and (1, 1)) suppressed the swelling behavior with inversed 

concentration-  mm for 3 wt. % and 3.2 mm for 5 wt. % with 

succinonitrile; 4.6 mm for 3 wt. % and 3.3 mm for 5 wt. % with propionitrile. Therefore, the surface 

coverage of adsorbed nitrile molecules is proven as the dominant factor to determine thermal stability. 
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Figure 3-4. Dimensional change of pouch-type LCO/graphite cells at 80 
o
C for three days with 

electrolytes containing succinonitrile (2,2) (a) and propionitrile (1,1) (b) with two different 

concentrations (3 wt. % and 5 wt. %). Base electrolyte was included for comparison. Excessive 

amounts of electrolytes were used to identify the change of cell thickness clearly. 
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 3.3.4 Safety at high temperature 

 

Thermal reactivity of charged Li0.5CoO2 cathodes soaked in electrolytes was investigated by DSC 

(Figure 3-5). Exothermic reactions were initiated at 130 
o
C with the base electrolyte. Subsequently, 

oxygen released by cathode decomposition reacts violently with the electrolyte, accompanying with a 

considerable amount of enthalpy change (ΔH) with two exothermic peaks at 213 
o
C and 265 

o
C. With 

the nitrile-present electrolytes, the onset temperatures of exothermic reactions were shifted to higher 

temperatures and exothermic heat was less released. The retarded initiation of exothermic reactions 

should be emphasized because the initial heat breaks thermal balance of LIBs. Delay of the onset 

temperature saves time enough to dissipate influxed heat at a temporary thermal shock, preventing 

heat accumulation within cells and maintaining thermally stable state. With energy generation term 

caused by interfacial side reactions beyond a dissipation limit, however, the rate of heat accumulation 

is self-accelerated. Then, cells are introduced into the track of thermal runaway. 

The onset temperatures were significantly shifted with nitrile additives from that of the base 

electrolyte. The onset temperature of the base electrolyte at 130 
o
C moved to around 200 

o
C for n=2 

and 5 and 190 
o
C for n=10 in di-nitriles (Figure 3-5a). In addition, the di-nitrile-present electrolytes 

(2,n) generated only 18 % of energy that the base electrolyte did: peak area = ~220 J g
-1

 on average 

for (2,n) versus 1,200 J g
-1

 for the base electrolyte. Qualitatively similar thermal behaviors were 

obtained with the mono-nitrile-containing electrolytes (Figure 3-5b). The onset temperatures were 

estimated around 180 
o
C for m=2 and 5 and 186 

o
C for m=10. About 34 % of heat (~ 400 J g

-1
) was 

generated compared with the base electrolyte. Di-nitriles secured thermal safety better than mono-

nitriles in the same length of aliphatic chain, which would be related to thermal stability of adsorbed 

layer consisting of the nitriles. The superiority of di-nitriles to mono-nitriles is consistent at thermal 

condition beyond 150 
o
C (Figure 3-5) and during 3-day storage at 80 

o
C (Figure 3-2). Concentration 

of –C≡N in di-nitriles is twofold as high as that of mono-nitriles at an identical molar fraction. There 

is every possibility that more amount of di-nitrile molecules were adsorbed to form denser surface 

layer.
16c
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Figure 3-5. Heat flow profiles of exothermic reactions between fully charged LixCoO2 (x=0.5) and 

electrolyte in the absence and presence of nitrile molecules. (a) Di-nitrile-containing electrolytes (2,n). 

(b) Mono-nitrile-containing electrolytes (1, m). The base electrolytes were included for comparison 

(black squares). 

 

 3.3.5 High-temperature performance 

 

With advantages of low gas generation and small exothermic heat evolution in the nitrile-assistant 
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electrolytes, discharge capacities at 1C were traced at 60 
o
C along cycles (Figure 3-6). All of the 

nitrile-assistant electrolytes, except of the mono-nitrile with long aliphatic chain (1, 10), was superior 

to the base electrolyte in terms of cyclic retention of capacity. The base electrolyte experienced severe 

capacity decay even at the initial cycles at such a high temperature, showing 60 % and 14 % retention 

at the 1
st
 and the 300

th
 cycle. There were no distinctive differences between mono-nitriles and di-

nitriles for m or n = 2 and 5: ~85 % retention at the 300
th
 cycle. The deteriorated capacity retention of 

the base electrolyte is mainly attributed to vigorous reactions of carbonate solvent molecules with 

delithiated cathode. At elevated temperatures, the electrolyte molecules are highly oxidized and 

decomposed, resulting in gas emission, electrolyte depletion and lithium metal dendrite growth. On 

the contrary, the cathode surface covered by Co-CN complex rarely permits carbonates to react with 

the Li0.5CoO2. 

Different from other nitrile-containing electrolytes (especially its di-nitrile counterpart (2,10)), 

the mono-nitrile of the longest aliphatic chain (1,10) showed serious decay of capacity like the base 

electrolyte (Figure 3-6b). The capacity decay is not exactly understood by coverage and steric 

hindrance because (1,10) was better than or at least similar to (2,10) in terms of gas evolution caused 

by side-reactions (Figure 3-2). Nonpolar properties of long aliphatic chain would be helpful to explain 

the contradictory results between suppressed gas evolution and poor cyclability. The non-polarity of 

dodecane-nitrile used in (1,10) possibly hinder the access of polar electrolyte such as carbonates. 

Even if dodecane-nitrile is soluble in carbonate solvents due to its cyano group, its polarity becomes 

extremely weaker after being immobilized on LCO surface by the interaction between –CN and Co. 

On the other hand, dodecane-dinitrile used in (2,10) does not develop ionic resistance after adsorption 

because it still has the another intramolecular nitrile groups exposed to electrolyte. In the same reason, 

the initial capacity of cells based on (1,10) at room temperature were also inferior to that of the base 

electrolyte: ~760 mAh g
-1

 for (1,10) versus ~770 mAh g
-1

 for the base electrolyte. 
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Figure 3-6. Cyclic performances of pouch-type LCO|graphite cells at 60 
o
C. (a) Di-nitrile-containing 

electrolytes (2,n). (b) Mono-nitrile-containing electrolytes (1,m). The base electrolyte was included 

for comparison. The cells were charged and discharged at 1C between 3 V and 4.2 V. 

 

Impedance spectra measured after storage at 80 
o
C for 3 days (Figure 3-7) supported the results 

of cyclic performances (Figure 3-6). All nitrile-present electrolytes except of the dodecane-nitrile 

showed impedances significantly smaller than the base electrolyte. Formation of resistive passive 

layer resulting from thermal decomposition of electrolyte on charged surface of electrodes would 
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explain the large impedance of the base electrolyte. However, the impedances relevant to charge 

transfer resistances (RCT) on cathodes and anodes in dodecane-nitrile-containing electrolyte (1,10) was 

larger than those of the base electrolyte. The result is consistent with the serious capacity decay with 

cycles in (1,10) (Figure 3-6b). 

Recovery of capacities of cells thermally stored at 80 
o
C for 3 days was also enhanced with 

nitrile molecules (Figure 3-8). After the thermal storage, discharge capacity of the base electrolyte 

decreased to ~50% of capacity measured before the thermal storage. Due to thermally-induced 

formation of passive layer on cathode, LCO|graphite cell in the conventional base electrolyte suffered 

from large IR drop and severe capacity fading. However, cells containing nitrile-assistant electrolytes 

(except of dodecane-nitrile) showed ~90 % recovery. The nonpolar long-chain nitrile (dodecane-

nitrile) delivered ~57 % recovery. 
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Figure 3-7. Impedance spectra of fully charged cells after long-term storage at 80 
o
C. (a) Di-nitrile-

containing electrolytes (2,n). (b) Mono-nitrile-containing electrolytes (1,m). The base electrolyte as a 

control was indicated in (a) and (b). 
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Figure 3-8. Recovery capacity after the thermal storage at 80 
o
C for three days. (a) Di-nitrile-

containing electrolytes (2,n). (b) Mono-nitrile-containing electrolytes (1, m). The base electrolyte was 

included for comparison. Capacity was normalized by the capacity measured before the thermal 

storage. All cells were charged at 0.2C and then discharged at 0.2C. 

 

3.4 Conclusion 
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We demonstrated that nitrile-assistant electrolytes improved the thermal stability of 

LCO|graphite cells without sacrificing performances. Electrolytes containing either aliphatic mono-

nitriles or di-nitriles have excellent tolerance against thermal abuse by protecting the surface of LCO 

from thermally-induced side reactions. The effects of the aliphatic chain length of the nitriles were 

determined by balancing between surface coverage θ and steric hindrance. As a result, nitriles 

containing two and five aliphatic carbons, independent of the number of nitrile groups, showed 

outstanding thermal stability and performances. In cases of nitriles of long aliphatic chains such as ten 

aliphatic carbons, however, the polarity of the ending group within nitrile molecules also should have 

been considered in addition to the previous two factors. Dodecane-nitrile-present electrolyte was 

significantly inferior to other nitriles even if the gas generation was suppressed. The behavior was 

much different from that of its di-nitrile counterpart (dodecane-dinitrile-containing electrolyte). The 

alkane ending groups of dodecane-nitrile are considered to discourage the access of lithium ions into 

the cathode material while the nitrile ending groups of dodecane-dinitrile provide environments 

favourable to the lithium ion penetration. Therefore, the molecular structure of surface configuration 

to effectively protect surface of cathode materials can be optimally designed by considering those 

three factors. Nitriles containing branched aliphatic chains with nitrile ending groups or cyanoresins 

would be candidates as the thermal stability enhancer. The incorporation of aliphatic mono- and di- 

nitrile as electrolyte additive (even solvent) is a simple yet very attractive strategy actualizing safer 

lithium ion batteries without any capacity loss. 
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3.5 Supporting information 

 

Figure 3-S1. Differential capacity versus cell potential for full cells with two types of electrolytes 

during the first charge. (a) Aliphatic di-nitriles (2,n) and (b) mono-nitriles (1,m). 
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Figure 3-S2. (a) dQ/dV curve (peak observed at about 1.9V indicates irreversible decomposition for 

SEI layer) and (b) rate capability of full cells containing non-aliphatic (alkene structured) nitrile 

compound (cis, cis-mucononitrile). 
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IV. A physical organogel electrolyte 

 

4. 1 Introduction 

 

Fluids conveying ions, called electrolytes, are omnipresent in nature.  Ions in cytoplasmic and 

extracellular fluids develop potential difference through cell membranes for transferring cell signals or 

activating intracellular processes. As an ionic conductor, the electrolytes complete a circuit in 

electrochemical cells together with electrodes as electric conductors. Therefore, they are the essential 

part of supercapacitors, batteries and fuel cells. Fluidity of matrix materials is not necessarily required 

(e.g. solid-state electrolytes) only if the movement of ions through the matrix is guaranteed. 

The most important parameter of electrolytes used in electrochemical cells is ionic conductivity 

(σi). A wide spectrum of electrolyte systems covers a wide range of σi from 10
-5

~10
0
 mS cm

-1
 for solid 

electrolytes to 10
0
~10

2
 mS cm

-1
 for liquid electrolytes.

20
 The use of solid-state electrolytes has been 

limited due to low σi caused by their immobile matrix, even if they have their own merits such as no 

leak, non-volatility, mechanical strength and processing flexibility. Gel electrolytes were invented to 

combine high σi of liquid electrolytes with the advantages of solid electrolytes. 

The second parameter we should consider is transference number of ions of interest. Cationic 

transference number (t+) of Li
+
 ions in liquid electrolytes for lithium ion batteries ranges from 0.20 to 

0.50, indicating that anions are more responsible for overall conduction.
21

 Li
+
 ions strongly solvated 

by solvent molecules move slowly compared with naked anions.
21a

 High t+ is a desired property in 

cases that the cationic species in electrolyte are involved in electrochemical reactions on or in 

electrodes such as H
+
 in fuel cells and Li

+
 in lithium ion batteries. In lithium ion batteries as a 

representative case, the anion-dominant conduction (t+ < 0.5) leads to a serious concentration 

polarization due to highly concentrated population of anions instead of Li
+
 in vicinity of electrode 

surface during operation.
20c, 21a, 22

 The mass-transfer problems are even more serious in highly viscous 

or solid electrolytes. 

To avoid the reverse polarization caused by low t+, cationic conduction needs to prevail over its 

counterpart. One of the extreme cases is the single ion conductor (t+ = 1) as a form of solid polymer 

electrolytes in which polymer backbone have anionic moieties and Li
+
 ions move from one anionic 

sites to another along polymeric backbone.
23

 However, the satisfactory values of σi as high as that of 

liquid electrolyte have not been reached even if such a high t+ was obtained. From a commendable 

review on electrolytes for lithium ion batteries
21a

, the following comment is worthy to be cited: “the 

increase in the overall conductivity should originate, at least partially, from the improvement in the 

cation conductivity.”  
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In this work, therefore, we materialized the two required properties simultaneously in a polymer 

gel electrolyte: a liquid-electrolyte-level σi (~10
1
 mS cm

-1
) with high t+ (> 0.8). Cyanoethyl polyvinyl 

alcohol (PVA-CN) played a key role in the highly conductive gel electrolyte while another cyano resin, 

cyanoethyl pullulan (Pullulan-CN), were used as a control representing a liquid electrolyte containing 

cyano chains (Figure 4-1a). The PVA-CN-containing liquid electrolyte was thermally gelated even 

without any chemical crosslinkers or polymerization initiators (Figure 4-S1 and S2). Following the 

increasing temperature history, the polymer-containing electrolyte showed the behaviour of lower 

critical solution temperature (LCST) with an endothermic first-order transition
24

 (onset = 46.5 
o
C, 

peak = 57 
o
C, completion = 70 

o
C in Figure 4-1b). There were no chemical changes between before 

and after gelation in infrared spectra. Phase separation or gelation indicated by a growing viscosity 

was observed after the onset point (Figure 4-1c). The LCST phase separation leading to gelation is 

driven by unfavored entropic change of mixing (ΔSmix < 0).
25

 

 

4. 2 Experimental 

 

 4.2.1 Electrolytes 

 

1 M LiPF6 in 1:2 (vol.) EC:EMC was used as a base liquid electrolyte for investigating basic 

physicochemical properties. All solvents were dried with activated molecular sieves and then distilled 

before use. 2 wt. % of polymers (Pullulan-CN, PEO or PAN) was dissolved in the base electrolyte 

while the content of PVA-CN was tuned from 0.5 wt. % to 2.0 wt. %. For lithium ion battery tests, 2 

wt. % FEC was added as an SEI-forming additive into the electrolytes. All electrolytes were prepared 

in a glove box (< 0.1 ppm H2O and O2; MBraun). 

 

4.2.2 Ionic conductivity (σ) and viscosity (η) 

 

The σ of electrolytes was measured in a dry room by a conductivity meter (Mettler-Toledo, 

SevenGo Duo pro with a InLab 731 carbon 4-pole conductivity probe). The η of electrolytes was 

measured at a controlled temperature by using a viscometer (Brookfield, DV-II+ Pro with SC4-18 

spindle). 

 

4.2.3 Cationic transference number (t+) 
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The values of t+ for Li
+
 in electrolytes were determined using a potentiostatic polarization method 

26
. Symmetric cells were configured with liquid or gel electrolytes in a porous separator that is 

sandwiched by lithium metals. The initial and steady-state values of current of the cells were 

measured in a Faraday cage after and before polarization with a small polarization potential at 10 mV 

by a potentiostat (Biologic, VSP), respectively. The initial and steady-state values of contact 

resistance were determined by impedance measurements (10 mHz to 200 kHz) shortly before and 

after the potentiostatic polarization. 

 

4.2.4 Calorimetry 

 

Thermal behaviors of electrolytes were investigated by using differential scanning calorimeter 

(Mettler-Toledo, DSC823
e
). The PVA-CN-containing electrolyte was thermally scanned twice up to 

70 
o
C at 5 

o
C min

-1
 under nitrogen atmosphere to trace its gelation process. The reference electrolyte 

was tested in the same manner for comparison. All samples were injected into aluminium hermetic 

pans in a dry room. Also, thermal properties of cathodes were investigated from 40 
o
C to 300

o
C at 10 

o
C min

-1
 (TA instruments, Q100). Cathode samples obtained from full cells fully charged at 4.2 V 

were transferred into a high-pressure cylindrical vessel in a dry room. 

 

4.2.5 Battery cells 

 

750 mAh pouch-type full cells were constructed with a porous polyethylene separator (Asahi, 

NH616). Cathodes were prepared by mixing LiCoO2 (Umicore, KD 10) with 2 wt. % carbon black 

(Super-P) and 3 wt. % polyvinylidene fluoride (PVDF) (Kureha, KF1000). Anodes were prepared by 

slurrying natural graphite (Sodiff, DAG-87) with 1.5 wt. % styrene-butadiene rubber (SBR) (Zeon, 

BM400B) and 1 wt. % carboxy-methyl cellulose (CMC) (Daichi, BSH12). The slurries were coated 

onto aluminium foil for cathodes or copper foil for anodes, followed by drying at 80 
o
C under vacuum. 

Cells were galvanostatically charged to 4.2 V at room temperature and then potentiostatically charged 

at 4.2 V when current reached 5 % of charging current. Then, they were discharged to 3 V 

galvanostatically. A battery tester (BaSyTec, CTS-LAB) was used for cycling charge and discharge. 

 

4.2.6 In-situ thickness measurement 

 

Thickness of fully charged pouch cells was measured at 80 
o
C every minute for 3 days by a 

thickness recording reader (Mitutoyo, DP-1 VR). 
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4.2.7 First–principles density functional calculations 

 

The Vienna Ab-initio Simulation Package (VASP) was used with the energy cut–off of 400 eV 

for the plane–wave basis set 
27

. The Perdew-Burke-Ernzerhof–type gradient–corrected exchange–

correlation potential was employed for the electrons exchange–correlations 
28

. The polymer chain 

structure was modeled by the periodically repeated unit cell along the chain axis. 

 

4. 3 Results and Discussion 

 

 4.3.1 Gelation 

 

PVA is difficult to be solvated by polar or high dielectric solvent molecules such as ethylene 

carbonate (EC)-based electrolytes due to its strong intrachain or interchain hydrogen bonding or 

dipole-dipole interaction (Figure 4-S3). On the contrary, the dosing of cyanoethyl groups to PVA 

depresses or hinders the intra/interchain hydrogen bonding, enabling PVA-CN soluble in polar 

solvents or EC-based electrolytes (cf. polyacrylonitrile (PAN) is solubilized in the same electrolyte, 

Figure 4-S3). By first–principles density functional calculations, PVA-CN was estimated to be bound 

with EC at a closer distance with a higher binding energy when compared with PVA (as an OH-only 

control) and PAN (as a CN-only control): equilibrium distance = 2.48 Å  for PVA-CN versus 2.9 Å  for 

PVA and 2.92 Å  for PAN; binding energy = -0.37 eV for PVA-CN versus -0.02 eV for PVA and -0.19 

eV for PAN (Figure 4-S4).  

Increase in temperature reduced viscosity of the PVA-CN-containing electrolyte (before gelation) 

due to thermal motion as expected from typical polymer solutions such as PAN in electrolyte (Figure 

4-1c). However, the typical temperature dependency of viscosity was bound up to the onset 

temperature of the endothermic peak of thermogram (Figure 4-1b). Viscosity dramatically increased 

during the endothermic process and could not be measured after the peak temperature because torque 

of rotating bar of viscometer reached its maximum value (> 150 cP). The thermally initiated physical 

gelation would be induced by entropic gain of Gibbs free energy.
25

 The ordered polar solvent 

molecules surrounding hydroxyl and nitrile groups of PVA-CN are escaped from the local interaction 

and came back to its original liquid phase with a disordered configuration. Endothermic energy is 

utilized to overcome the interaction between solvent molecules and functional groups bound to 

polymeric chains. Simultaneously, a strong intra/interchain bonding in PVA-CN is expected to be 

developed. Ions of lithium salt in electrolyte (both Li
+
 and PF6

-
) is thought to play an important role in 
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the interaction for gelation. Gelation was not reached with the solvent (EC:EMC) in absence of LiPF6 

and with LiClO4, LiN(CF3SO2)2  and TBAPF6 (TBA = tetrabutylammonium) in the same solvent. 

Once the intra/interchain bonding is formed thermally, the phase separation or gelation was not 

reversibly liquidated. There were no apparent peaks indicating the first order transition in the second 

scan of temperature (Figure 4-1b). 
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Figure 4-1. Properties of the organogel electrolyte based on PVA-CN. (a) Molecular structures of 

nitrile-containing polymers. (b) Differential-scanning-calorimetric (DSC) thermograms of a liquid 

electrolyte (R = 1 M LiPF6 in 1:2 (vol.) EC:EMC where EMC=ethyl methyl carbonate) in absence and 

presence of PVA-CN in 2 wt. %. The PVA-CN-containing electrolyte was scanned at 5 
o
C min

-1
 two 

times consecutively under nitrogen atmosphere. The inset photos show that the PVA-CN-containing 

electrolyte becomes highly viscous or thicker after thermal treatment around 60 
o
C in the first scan 

(from left photo to right one). (c to e) Viscosity (η), electric conductivity (σ) and cationic transference 

number of Li
+
 (tLi+) of various polymer-containing electrolytes as a function of temperature. Viscosity 

and conductivity were measured from room temperature to 60 
o
C after thermal equilibrium was 

reached at each temperature. The photos on the right of (c) are the pictures of disassembled 

spindle/chamber units of viscometer after viscosity measurement at 60 
o
C. The larger amount of sticky 

dark brown gel is observed with 2.0 wt.% PVA-CN between spindle and chamber. 

 

4.3.2 Transport properties 

 

The most impressive observation comes with the ionic conductivity (σ i) of PVA-CN-containing 

electrolyte (Figure 4-1d). Practically, high viscosity (η) accompanies with low σ i. Contrary to the 

practical η-dependency of σ i, the values of σ i of PVA-CN-containing electrolyte monotonically 

increased with temperature independent of η. Even after serious gelation with high viscosity at 60 
o
C, 
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the gel electrolyte did not show any serious decrease in conductivity: 15.0 S cm
-1

 for PVA-CN-based 

gel electrolyte versus 16.7 S cm
-1

 for the base electrolyte at 60 
o
C. Also, the conductivity of PVA-CN 

gel electrolyte at 23 
o
C was estimated at 8.63 S cm

-1
 (c.f., 9.63 S cm

-1
 for the base electrolyte), the 

value of which is exactly the same as that of PVA-CN-containing liquid electrolyte before gelation. 

The room-temperature σ i values obtained with our PVA-CN gel electrolyte is the highest or the most 

competitive values among gel electrolytes developed until now as far as we know. Top values of σ i of 

gel electrolyte include 7 mS cm
-1

 for 5 wt. % PMMA
29

 and 4 mS cm
-1

 for 19 mol % PAN
30

.  

With such a high value of σ i, the conduction mechanism was investigated in terms of cationic 

transference number (t+). Typical electrolytes containing Li
+
 have t+ from 0.3 to 0.5 for liquid type

21c
 

and from 0.4 to 0.6 for gel type
31

. The t+ of Li
+
 ions was estimated by electrochemical methods with 

Li
+
 metal symmetric cells in presence of a polymer separator (Figure 4-1e). The PVA-CN-containing 

liquid electrolyte and its gelated version showed not complete single ion conduction but Li
+
 ion-

dominant conduction with t+ = 0.84. The value was clearly distinguished from that of the base 

electrolyte estimated at t+ = 0.52 on which cationic and anionic currents are well balanced. By first–

principles density functional calculations, introduction of the cyanoethyl groups into PVA backbones 

resulted in the contrary effects on PF6
-
 and Li

+
 (Figure 4-2). PVA-CN was more strongly bound with 

PF6
-
 and more loosely bound with solvated Li

+
 (Li

+
(EC)) when compared with PVA and PAN: PVAH-

H-CN (-1.3 eV) < PVAH-H-CNH (-0.71 eV) < PVAH (-0.42 eV) in equilibrium binding energies (BEeq) 

of PF6
-
 (Figure 4-2a, refer to the figure caption for the notation of binding sites); PVA–CNN-N (-2.64 

eV) < PVAO-O (-2.5 eV) < PVAO-CNO (-2.0 eV) in BEeq of Li
+
 (Figure 4-2e). Also, the migration 

barriers (Ea) to hinder the ionic transport from an equilibrium position (IS, initial state) to the next one 

(FS, final state) through polymeric backbone of PVA-CN were estimated higher with PF6
-
 and lower 

with Li
+
(EC) than those of PVA and PAN (b to d for PF6

-
 and f to h for Li

+
(EC) in Figure 4-2): 

preferred Ea of PF6
-
 transport = 0.09 eV (0.22 eV not preferred) for PVA-CN > 0.06 eV for PVA > 

0.05 eV for PAN; preferred Ea of Li
+
 transport = 0.19 eV (0.61 eV not preferred) for PVA-CN < 0.46 

eV for PAN < 0.56 eV for PVA. Accordingly, Li
+
 transport is more preferred to PF6

-
 transport in PVA-

CN in comparison with PVA and PAN. This forced conduction mechanism supports the fast ion 

conduction in the highly viscous or gelated media. 
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Figure 4-2. Binding affinity and migration barriers of PF6
-
 and solvated Li

+
 (Li

+
(EC)) on PVA-

CN, PVA (as the OH-only control) and PAN (as the CN-only control). (a and e) Binding energy 

profile with respect to the distance between the polymers and PF6
-
 (a) or Li

+
(EC) (e). Each curve in (a) 

corresponds to the binding sites favored by PF6

 located at the intermediate position between 

hydrogen atoms of alcoholic groups of PVA or PVA-CN (PVAH or PVAH-CN); and between hydrogen 

atoms of alcoholic and cyanoethyl groups in PVA-CN (PVAH-CNH). Each curve in (e) corresponds to 

the binding sites favored by Li
+
(EC) between O atoms of alcoholic groups of PVA (PVAO-O); between 

O atoms of alcoholic and cyanoethyl groups in PVA-CN (PVAOCNO); and between N atoms from 

cyanoethyl groups of PVACN (PVACNN-N). Horizontal dash-dotted lines indicate the calculated 

binding energy of PAN at its equilibrium distance. (b to d and f to h) Migration coordinates of PF6
-
 (b 

to d) or Li
+
(EC) (f to h) from an equilibrium position (IS, initial state) to the next one (FS, final state). 

Insets depict atomic visualization of binding configurations at transient states (TS) as well as IS and 

FS. Atoms are depicted as balls with H = white small, C = gray, O = red, N = blue, P = purple, F = 

yellow and Li
+
(EC) = green. Li

+
 solvated by a single EC molecule (Li+(EC)) is assumed, which is 

symbolized by a single ball for simplicity. 

(These plots shown in Figure 4-2 were supported by prof. N.J. Park) 

 

4.3.3 Electrolyte for lithium ion batteries 

 

The PVA-CN gel electrolyte, characterized by high ionic conductivity that single ion is dominantly 

responsible for, was tested in lithium ion rechargeable batteries. Its thermo-irreversible gelation 

property is helpful to develop well-contacted electrolyte-active material composite. The liquid 

electrolyte prepared by dissolving 2 wt. % PVA-CN in 1:2 (vol.) EC:EMC of 1 M LiPF6 in presence 

of fluoroethylene carbonate (FEC) as an additive was injected through one-side opening into pouch 

cells of LiCoO2 as a cathode and graphite as an anode with a polymer separator. After enclosing them, 

the pouch full cells experienced thermal curing at 60 
o
C for one day, which is a typical (not additional) 

procedure adopted in battery cell makers to stabilize electrochemistry inside cells. During the aging 

process, thermo-irreversible gelation of PVA-CN proceeds wherever the polymer mass penetrates 

during wetting (inside pores of porous composite electrodes and separators).  



６８ 

 

 

 



６９ 

 

 

 



７０ 

 

 

 

Figure 4-3. Electrochemical and electrochemistry-associated behaviours of pouch-type lithium-

ion-battery full cells using the organogel electrolytes based on PVA-CN (gel.ELF+PVA-CN). 

Liquid electrolytes (liq.ELF and liq.ELF+Pullulan-CN) are included for comparison. LiCoO2 and 

graphite were used as cathode and anode, respectively. (a) dQ/dV as a function of potential (E) during 

the 1st charge related to forming solid-electrolyte interface (SEI) layers. (b) Potential profiles during 

galvanostatic discharges at 0.2C and 3.0C. The cells were charged at 0.2C galvanostatically and then 

at 4.2 V potentiostatically until their current reached 5 % of 0.2C. (c and d) Capacity retention through 

cycles at 23 
o
C and 60 

o
C, respectively (Q = capacity, % relative to a designed value, 750 mAh). A 
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single cycle consisted of galvanostatic charging at 1C with following potentiostatic mode at 4.2V up 

to 5 % of 1C and galvanostatic discharging at the same rate. (e) Dimensional change of pouch-type 

cells stored at 80 
o
C for three days. (f) DSC thermograms of 4.2 V-charged LixCoO2 cathodes. 

Temperature was scanned at 10 
o
C min

-1
. 

 

At the first charge of polarizing the cathode material positively and the anode material negatively, 

FEC was anodically decomposed to form a passive layer called solid-electrolyte interface (SEI) layers 

at 2.9 V cell potential (Figure 4-3a). When compared with the base liquid electrolyte (liq.ELF), the 

charge consumed for the SEI layer formation (QSEI), equivalent to the amount of the SEI layer, 

significantly decreased with PVA-CN gel electrolyte (gel.ELF+PVA-CN) and pullulan-CN liquid 

electrolyte (liq.ELF+Pullulan-CN): from QSEI = 34.8 C for liq.ELF to 12.3 C for gel.ELF+PVA-CN or 

14.2 C for liq.ELF+Pullulan-CN. The resultant higher initial coulombic efficiency obtained by 

depressing the electrolyte decomposition would be a positive point only if cell performances were not 

negatively affected. The cynanoethyl polymers probably hinder the decomposition process by their 

adsorption on surface (liq.ELF+Pullulan-CN)
16c

 or direct contact of the gel mass on graphite 

(gel.ELF+PVA-CN). 

Over its liquid controls (liq.ELF and liq.ELF+Pullulan-CN), gel.ELF+PVA-CN showed 

equivalent or slightly better rate capability delivering slightly higher capacity at room temperature 

especially at discharge rates higher than 3C rate: capacity at 3C (Q3C) = 64.6 % for gel.ELF+PVA-CN 

versus 62.7 % for liq.ELF+Pullulan-CN and 57.9 % for liq.ELF (Figure 4-3b and Figure 4-S5). The 

potential profiles during discharge were exactly the same between the gel electrolyte and its liquid 

controls at 0.1C (tdCh = 1h) as a slow rate. The main enhancement at 3C with gel.ELF.PVA-CN is 

observed at high overpotential range of 3.2 V to 3.0 V in which concentration polarization is dominant 

over activation polarization. The high value of t+ of our organogel electrolyte is expected to be helpful 

to solve the mass transfer limitation problems. 

The extent of capacity decrease with cycles was clearly less serious for our organogel electrolyte 

when compared with that of liq.ELF as well as liq.ELF+Pullulan-CN (Figure 4-3c and d). At higher 

temperature (60 
o
C), the difference of capacity between the gel-type and the liquid-type electrolytes 

became more emphasized. The enhanced thermal stability is evidently shown in the change of pouch 

cell thickness caused by gas evolution due to side reactions (Figure 4-3e). The side reactions can be 

depressed by blocking direct contacts of electrolyte with electrode like a coating effect. In addition, 

the mechanical strength of the organogel as well as the adhesion force between the gel and current 

collectors is partly responsible for the smaller swelling of cells. At higher temperatures, the 

exothermic heat flows triggering thermal runaway were also mitigated by use of the cyano resins as 
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clearly shown in the first peak around 215 
o
C of differential scanning calorimetry (DSC) thermogram 

(Figure 4-3f). The second peak was observed in the organogel electrolyte at the same temperature of 

the base electrolyte (~270 
o
C) while the exothermic process started at lower temperature (~255 

o
C) 

with liq.ELF+Pullulan-CN. 

 

4. 4 Conclusions 

 

In this work, we reported on a new type of physical organogel electrolyte that is represented by 

two unique characteristics: (1) an irreversible thermal gelation and (2) a high value of Li
+
 transference 

number (t+ = 0.84). Its ionic conductivities were estimated at the values close to that of liquid 

electrolytes at a temperature range from room temperature (σRT = 8.63 mS cm
-1

) to 60 
o
C (σ60 = 15 mS 

cm
-1

). When the organogel was used as an electrolyte for a lithium ion battery cell, performances 

especially at high rate discharges and thermal stability were enhanced. The organogel could be applied 

to other electrochemical cells including other type of rechargeable batteries, supercapacitors, dye-

sensitized solar cells and electrochromic devices, accommodating various pairs of ionic species and 

solvents. We believe that this new type of electrolyte gel provides design flexibility of devices as well 

as enhanced safety and stability to electrochemical devices. 
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4. 5 Supporting information 

 

 

Figure 4-S1. Gelation of 2 wt. % PVA-CN in an electrolyte. (a) 1 M LiPF6 in 1:2 (vol.) EC:EMC as 

the base liquid electrolyte. (b and c) The base electrolyte in presence of 2 wt. % PVA-CN just after 

addition of the polymer (b) and after being stored at room temperature for 12 h. (d to f) The PVA-CN-

containing electrolyte after gelation at 60 
o
C. The samples were stored in vials in an upright position 

(b to d) and in a 45
o
-tilting position (e). The self-standing gel electrolyte monolith templated by a 

cylinder is shown in (f). 
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Figure 4-S2. Elastic behaviour of a cylindrical monolith of the gel electrolyte based on 2 wt. % 

PVA-CN in 1 M LiPF6 in 1:2 (vol.) EC:EMC as the base liquid electrolyte. (a) Schematic of the 

experiment. (b to d) The shape of the gel before (b) and during applying pressure (c) and after 

removing the pressure (d). 
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Figure 4-S3. PVA and PAN in 1 M LiPF6 in 1:2 (vol.) EC: EMC. PVA is not solube in the 

electrolyte while PAN is soluble. PAN was not gelated after thermal treatment. 
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Figure 4-S4. Binding affinity of EC (as the representative solvent molecule) on PVA-CN, PVA (as 

the OH-only control) and PAN (as the CN-only control). (a) Binding energy profile with respect to 

the distance between EC and the polymers: solid circle = PVA-CN; open circle = PVA; horizontal 

dash-dotted line = the calculated binding energy of PAN at its equilibrium distance. Subscript H 

indicates hydrogen atom of PVA backbone or cyanoethyl groups. The equilibrium configurations of 

PVA and PVA-CN are indicated by downward and upward arrows, respectively. (b and c) The 

equilibrium binding configurations of EC onto PVA (b) and PVA–CN (c). Atoms are depicted as balls: 

H = white small, C = gray, O = red and N = blue. 

(These plots shown in Figure 4-S4 were supported by prof. N.J.Park) 
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Figure 4-S5. Rate capability of pouch-type lithium-ion-battery full cells using the organogel 

electrolytes based on PVA-CN (gel.ELF+PVA-CN). Liquid electrolytes (liq.ELF and 

liq.ELF+Pullulan-CN) are included for comparison. LiCoO2 and graphite were used as cathode and 

anode, respectively. The cells were charged at 0.2C galvanostatically and then at 4.2 V 

potentiostatically until their current reached 5 % of 0.2C. Then, they were discharged at the indicated 

C rates. Q = capacity, % relative to a designed value, 750 mAh. 
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V. SN as a corrosion inhibitor of copper for overdischarge protection 

 

5. 1 Introduction 

 

Demands for lithium ion batteries (LIBs) have been rapidly increased in various fields from 

portable IT devices to emerging applications such as electric vehicles and renewable energy 

storages.
32

 Long term stability issue of LIBs, however, still remains and becomes more serious in the 

new applications where more than ten years of cycle life is required. With appreciable success, a great 

deal of efforts has been devoted to improving reliability aspects of LIBs under various abusive 

conditions including overcharge, high temperature cycling/storage and mechanical stress. In contrast, 

much less attentions have been paid on overdischarge (OD) issues, which are particularly critical in 

mid-to-large scale devices where failure in a single cell leads to shut-down of all cells within a 

connection in series.
33

  

State-of-the-art LIBs are inherently vulnerable to the OD abuse because they are designed to 

have anode-limiting configurations to prevent possible Li deposition at anode.
33a

 In the configuration, 

anode potential is bound to increase to meet cathode potential on an OD event (Figure 5-1). The 

abnormal rise of anode potential can damage solid electrolyte interphase (SEI) layer existing on 

anodes, leading to additional electrolyte decomposition and thus capacity fading.
34

 More importantly, 

as anode potential nears ~ 3.5 V (vs. Li/Li
+
), anodic corrosion of copper current collector is triggered, 

inducing detrimental damages such as electric shunt formation, contact resistance rise and total block-

off of cells.
33
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Figure 5-1. Potential profiles of a conventional LIB of anode-limiting configuration during charge 

and discharge. The arrow denotes the terminal point at the end of overdischarge to 0 V of cell voltage. 

(This plot shown in Figure 5-1 was supported by prof. H.C. Lee) 

 

One way of protecting cells from OD is to tune LIBs into a cathode-limiting configuration by 

altering the cell balance (the ratio of anode to cathode capacities). We reported an OD protection 

strategy of tailoring the 1st cycle columbic efficiency of cathode by employing Li2NiO2 as a cathode 

additive that exhibits distinctively huge irreversible capacity at the 1st cycle.
33g

 Utilization of the 

cathode additive, however, necessitates modification of fabrication process of cathode electrodes as 

well as overall redesign of cell balance. Alternative simpler strategy is to use electrolyte additives. 

Introduction of redox shuttles (RS) into electrolyte suppressed abnormal anode voltage rise by 

repetitive redox cycles.
33f

  However, the RS additives limit cathode voltage as well so that its 

application is limited only to the LIBs employing low voltage cathode materials such as LiFePO4. 

Besides the RS additives, compounds that inhibit copper corrosion can be used as electrolyte additives 

for OD protection. To develop copper corrosion inhibitors for organic electrolytes of LIBs, we could 

learn lessons from extensive studies on inhibiting copper corrosion in aqueous solutions.
35

 However, 
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most of inhibitors effectively used in aqueous solutions are strongly electron-donating compounds so 

that they are too unstable to be served as inhibitors in LIB applications.
35a, 35c

  

In our previous study, we reported on organo-transition metal interaction induced by 

electronegativity of succinonitrile (SN).
16c

 The interaction led to outstanding thermal stability without 

any adverse effects in cell performances. The SN-induced stability was attributed to formation of a 

strong bond between SN and transition metals (Co) on cathode surface. In this study, we examined the 

SN as an electrolyte additive for OD protection, expecting that SN coordinates with Cu ions to form a 

passive layer on surface of copper current collectors. 

 

5. 2 Experimental 

 

 5.2.1 Chemicals 

 

A mixture of ethylene carbonate (EC) and ethylmethyl carbonate (EMC) (1/2 v/v) or EC and 

diethyl carbonate (DEC) (1/2 v/v) with 1M LiPF6 were used as an electrolyte of LIB cells (LG Chem). 

SN (Aldrich) and 3-fluoroethylene carbonate (FEC; Soulbrain) were used as received. 

 

5.2.2 Electroanalysis 

 

A three-electrode configuration was employed for investigating basic corrosion electrochemistry 

with Li foil and Pt wire as reference and counter electrodes, respectively. A copper disk (area = 0.20 

cm
2
) or a 9 MHz AT-cut Cu-plated quartz crystal (area = 0.20 cm

2
) was used as a working electrode. 

Prior to testing, the Cu disk electrode was abraded with a 1200-grit SiC paper while the Cu-plated 

quartz crystal was rinsed with acetone and immersed in electrolyte for 10 min. Electrochemical 

experiments were carried out with a Biologic VSP. The electrochemical quartz crystal microbalance 

(EQCM) experiments were performed with a Princeton Applied Research QCM922 connected to the 

potentiostat. Potential of the copper disk electrode was scanned at 20 mV s
-1

 in linear sweep 

voltammetry (LSV) while 10 mV s
-1

 was used in EQCM experiments. All electrochemical 

experiments were performed in an Ar-atmosphere glove box (H2O and O2 concentrations < 5 ppm; 

temperature = 25±2 °C). 

 

5.2.3 Raman spectroscopy 
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Raman spectra were recorded using a Jobin Yvon/HORIBA LabRam ARAMIS Raman 

spectrometer. The radiation from an air-cooled frequency-doubled Nd:Yag laser (532 nm) was used as 

an excitation source. Raman scattering was detected in 180º geometry by a multichannel air-cooled (-

70 ºC) charge-coupled device (CCD) camera (1024×256 pixels). For Raman sample preparation, Cu 

foil electrodes were polarized in electrolyte by sweeping from an open circuit voltage to 3.1 V that is 

higher than the peak voltage. After polarization, the Cu samples were washed with DMC and dried 

inside glove box. 

 

5.2.4 Overdischarge tests of LIB cells 

 

750 mAh Al-pouch full cells were employed with lithium metal as a reference electrode. 

Cathodes were prepared by coating a mixture of LiCoO2 (KD10, Umicore), 2 wt% Super-P and 3 wt% 

polyvinylidene fluoride (PVdF) binder on aluminum foil (15um, Sam-A aluminum). Anodes were 

prepared by coating a mixture of natural graphite (DAG-87, Sodiff, Korea), 1.5 wt% styrene-

butadiene rubber (SBR) and 1 wt% carboxymethyl cellulose (CMC) binder on copper foil (10um, LS 

cable & system). Lithium metal foil (1 cm
2
) tightly pressed on Cu mesh was used as the reference 

electrode that was placed at one side of the pouch cells. A solution of 1 M LiPF6 in EC/EMC (1/2 v/v) 

with 2 wt% FEC was used as the base electrolyte.  

The assembled pouch cells were initially charged at 0.05C and aged for 5 days at room 

temperature to complete formation process. The cells were galvanostatically charged at 0.2C followed 

by keeping cell potential at 4.2 V and then they were galvanostatically discharged at 0.2C. Then, the 

cells were degassed and resealed inside a vacuum chamber to eliminate gases evolved during the 

formation process. Before overdischarge test, the cells were cycled several times over in a potential 

range between 3 V and 4.2 V. Cells was overdischarged galvanostatically at 300 mA to 3 V of cathode 

versus anode, 3 mA to 2.7 V and finally 1 mA to 0 V. Potentials of cathode versus reference, anode 

versus reference and cathode versus anode were monitored independently during overdischarge. 

Discharge capacities at 0.2C were compared between before and after three consecutive 

overdischarges. 
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5. 3 Results and discussion 

 

 5.3.1 SN-induced passivation of Cu for corrosion inhibition 

 

Inhibitive effects of SN on anodic Cu corrosion were assessed by using linear sweep voltammetry 

(LSV). In the SN-absent electrolyte as a control (Figure 5-2), a steep increase of oxidation current 

responsible for massive Cu oxidation was observed above 3.5 V. However, the anodic behavior of Cu 

changed significantly in the presence of SN. Even if oxidation current starts to increase as early as 2.8 

V, further Cu oxidation was significantly suppressed after showing a peak current around 2.9 V. 

Oxidation stability of Cu was extended up to the potential as high as 4.5 V by the SN addition. It 

seems informative to consider that the similar voltammetric behaviors are observed with corrosion 

inhibitors in aqueous solutions. Copper exhibits an anodic peak followed by subsequent inhibition in 

aqueous solutions of organic acids.
35b, 35e

 The anodic peak is attributed to formation of Cu2O or Cu-

oxalate layer that suppresses further Cu oxidation.
35c, 35d

 In non-aqueous LIB electrolytes, however, 

the additive-induced passivation of Cu leading to corrosion prevention has not been studied 

thoroughly as far as we know.
33e, 36

  

 

Figure 5-2. Linear sweep voltammograms (LSVs) of copper electrodes with 1 M LiPF6 in EC/DEC 

(1/2, v/v) containing no additive (-SN) and 3 wt% of SN (+SN). Scan rate = 20 mV s
-1

. 

(This plot shown in Figure 5-2 was supported by prof. H.C. Lee) 
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The chemical nature of the SN-induced passivation was examined by using Raman spectroscopy, 

based on a postulation that a passive surface layer is formed by the interaction of SN with Cu 

occurring around the anodic peak potential (Figure 5-2). A copper electrode was subjected to anodic 

polarization at the potential higher than the peak position (2.9 V) in the SN-present electrolyte. Two 

possible modes of interaction between SN and Cu surface are expected. First, SN is chemisorbed 

strongly on Cu surface via π-system of either of two CN groups.
37

 The surface species formed by the 

chemisorption exhibits two split bands in stretching region of nitrile groups because the two CN 

groups of SN are chemically unequivalent.
37a

 Second, SN-Cu(I) coordination polymer is formed. 

Cu(I) has been reported to form a polymeric complex with dinitrile ligands.
37a, 38

 For example, 

synthesis of bis(succinonitrile)copper(I) perchlorate was reported and its crystal structure was fully 

determined through X-ray crystallography.
38a

 In contrast to the surface-bound SN, the SN moiety in 

the coordination polymer gives a single CN stretch peak.
37a

 

Raman spectrum of the Cu electrode polarized in our SN-present electrolyte showed a single 

strong band of C≡N stretching mode at 2293 cm
−1

 (Figure 5-3).
37a

  The weak bands at 747, 1018, 

and 1365 cm
−1

 are assigned to C-C-C bending, CH2 rocking and CH2 bending modes of the surface-

adsorbed SN, respectively.
37a

  The amount of the adsorbed SN, however, is expected to be negligible 

compared with that of the SN-based coordination polymer, when their week intensities are considered. 

The other two weak bands at 544 and 969 cm
−1

 are attributed to the C-C-C bending and C-CN 

stretching modes, respectively, which results from either the coordination polymer or surface-

adsorbed SN.
37a

 Therefore, it is concluded that SN moiety is definitely present on the anodically 

polarized Cu surface not as the surface-bound form but as the coordination polymer. 
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Figure 5-3. Raman spectrum of copper electrode anodically polarized in the SN-present electrolyte 

used in Figure 5-2. 

(This plot shown in Figure 5-3 was supported by prof. H.C. Lee and prof. Y.M. Jung) 
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Figure 5-4. LSVs (black for the left ordinate) and concurrent mass change (red for the right ordinate) 

of copper electrodes with 1 M LiPF6 in EC/EMC (1/2, v/v) containing no additive (a) and 3 wt% of 

SN (b). Scan rate = 20 mV s
-1

.  

(These plots shown in Figure 5-4 were supported by prof. H.C. Lee) 

 

In order to quantify formation of the coordination polymer, mass change (ΔM) was measured 

during sweeping potential of a Cu electrode (Figure 5-4). The mass accumulated per mole of electron 

transferred (mpe) is useful information to identify the species deposited on electrode during EQCM 

experiments
39

: mpe = (ΔM/ΔQ)*F where ΔQ is the charge change involved in the electrochemical 



８６ 

 

reaction causing the mass change and F is the Faraday constant. In the SN-absent electrolyte (Figure 

5-4a), mass of Cu electrode is decreased along with oxidation current increasing during anodic 

potential sweep. The mass change is caused by loss of electrode mass by corrosion. The mpe of the 

Cu oxidation was determined to be −58. The value roughly corresponds to the molar weight of Cu 

(MW = 63.5), implying that Cu is oxidized mainly into Cu
+
 rather than Cu

2+
 ions. Preferred oxidation 

to the monovalent species was also observed in a propylene carbonate solution.
36a, 36b

 On the contrary, 

a notable mass increase is observed near the peak potential in the SN-present electrolyte (Figure 5-4b). 

The mpe in the potential range was estimated at +289. The mpe value is approximated by the increase 

of molar weight of surface species from Cu to Cu(SN)2PF6: 305 = 368 (MW of Cu(SN)2PF6) – 63.5 

(MW of Cu(I)). Thus, the EQCM data, combined with the Raman result, clearly support that the 

current peak in SN-added electrolyte is associated with the formation of Cu(SN)2PF6-type complex, 

which seems to be responsible for the suppression of further Cu corrosion. 

 

 

Figure 5-5. Schematic comparison of copper corrosion between SN-absent and SN-present 

electrolytes. 

 

Based on the experimental results obtained, the mechanism of Cu corrosion inhibition by SN is 

schematized in Figure 5-5. In the absence of SN, the Cu oxidation starts above 3.5 V (vs. Li/Li
+
). The 

main dissolution species are Cu
+
 rather than Cu

2+
 ions as evidenced by the EQCM result (Figure 5-4a). 

In contrast, the Cu oxidation is initiated in the presence of SN as early as 2.8 V. The cationic copper 

atoms on surface are combined by electronegative nitriles of SN, creating a coordination polymer 

composed of Cu(SN)2PF6. The surface SN-Cu complex layer suppresses further Cu dissolution, 
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resulting in a peak current around 2.9 V. The surface layer eventually serves as a passive layer toward 

the Cu corrosion. 

 

5.3.2 Overdischarge protection by SN 

 

Based on formation of the Cu-SN complex on Cu surface and its role as a corrosion inhibitor up 

to 4.5 V, we introduced SN as an electrolyte additive for commercial grade LIBs (nominal capacity 

750 mAh). The individual potentials of cathode and anode were obtained in addition to the cell 

potential by means of three electrode measurements. The LIBs were overdischarged at three different 

discharge currents: 300 mA to 3 V, followed by 3 mA to 2.7 V and then 1 mA to 0 V. Smaller 

discharge current (1 mA) was applied at the final step to ensure the OD of the cells. The cell voltage 

profile of the SN-absent control cell exhibited a plateau around 0.25 V (Figure 5-6a). The cell voltage 

change is primarily driven not by the cathode but by the anode, which is a typical OD behavior of 

cells in anode-liming configuration. The plateau region of cell voltage corresponds to where anode 

voltage stays around 3.5 V due to anodic Cu dissolution. Cu corrosion continued until cathode voltage 

decreased to meet the anode potential. In contrast, our SN-present cell exhibits no plateau region 

during the OD test (Figure 5-6b), its cell voltage decreasing monotonically to 0 V. Any indication of 

significant Cu oxidation was not observed as anode voltage increased above 3.8 V to finish the OD 

procedure. The absence of Cu corrosion is ascribed to the passivation layer formed by SN on Cu 

surface as confirmed above. Recovery ratio of discharge capacity after three repeated OD tests was 

estimated to be more than 98 % in the SN-present cell (Figure 5-7), guaranteeing the immunity 

toward the OD abuse. On the other hand, the recovery ratio of the SN-absent control cell is only 58% 

due to severe Cu dissolution.  

Our strategy employing an electrolyte additive that induces an effective passivation on Cu 

current collector is completely different from the previously reported OD protection methods based on 

cell balance control or redox shuttle additives.
33f, 33g

 It should be noted that the OD protection by SN is 

activated only when anode voltage is forcibly increased to abnormally high value (> 2.9 V). Therefore, 

SN addition is hardly expected to alter anode performances under the normal operating condition. SN 

drove no significant change of discharge profiles between SN-absent and SN-present electrolytes 

before OD events (solid lines in Figure 5-7a and b). In addition, our previous study has already shown 

that the SN addition greatly enhance thermal stability of LiCoO2/graphite cells without any adverse 

effects in other cell performances. 
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Figure 5-6. Potential profiles of 750 mAh LiCoO2|graphite full cells with 1 M LiPF6 in EC/EMC (1/2, 

v/v) containing no additive (a) and 3 wt% of SN (b). Potentials were recorded for cathode versus 

reference (blue), anode versus reference (red) and cathode versus anode (black). 
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Figure 5-7. Potential profiles of the cells used in Figure 6 before and after three repeated OD tests. 

SN-absent (a) and SN-present (b) electrolytes were used. Discharge current was 0.2C. 
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Although SN has been revealed as an excellent passivation agent of Cu current collector for OD 

protection, there would be every possibility that SN is not the most ideal nitrile compound for the Cu 

corrosion inhibition. It seems highly probable that the corrosion inhibition ability of nitrile-based 

compounds greatly depends on their molecular structure such as number of nitrile groups (di- or 

mono-nitrile) and chain structure (length of aliphatic chain or presence of double bond). Also, 

formation of Cu(SN)2PF6-type complex and its solubility might be affected by physicochemical 

properties of electrolytes. Some of these subjects are under investigation in our group with an aim to 

explore novel nitrile-based compounds that can surpass SN. 

 

5. 4 Conclusion 

 

We investigated SN as a novel electrolyte additive for OD protection of LIBs. The presence of 

SN extended oxidation stability of copper current collector from 3.5 V (vs. Li/Li
+
) to higher than 4.5 V. 

The corrosion inhibition by SN was attributed to formation of the surface passive layer composed of 

Cu(SN)2PF6 unit. The enhanced corrosion resistance of copper current collector allowed the OD 

protection of LIBs, which was confirmed through three-electrode measurements. In contrast to 

conventional LIBs suffering from huge capacity loss by the OD, the cells with SN was tuned to be 

totally immune to the OD abuse. The novel OD protection method described herein has the critical 

advantages over the previous approaches. It requires no modification in the design and manufacturing 

process of LIBs, nor does it pose any limitation in the choice of cathode material. In addition, this 

study suggests corrosion inhibitors for metallic components of LIBs as a novel category of functional 

electrolyte additives, for the first time to our best knowledge, with an aim to expand the reliability 

limit of the state-of-the-art LIBs. 
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VI. Overview for electrolyte solution utilizing nitrile functionality 

 

The most of the electrolytes used in the LIBs have been developed for the effective Li transfer 

without any damage in the electrochemical devices. Their roles mostly focus on constructing strong 

SEI layers on the positive/negative electrode, enhancing physicochemical properties such as ionic 

conductivity (σ), viscosity (η) and facilitating wettability against hydrophobic material (e.g., 

polyolefin-type separator) in terms of improvement of battery performance (e.g., vinylene carbonate 

(VC), vinyl ethylene carbonate (VEC), allyl ethyl carbonate, vinyl acetate, maleic anhydride, propane 

sultone (PS) and so forth). But, the safety concern induced from abnormal thermal runaway of high 

energetic electrodes in contact with organic-based flammable electrolytes accelerates the electrolyte to 

satisfy even additional requirements; non-flammability or lower flammability of organic solution, 

tolerance in overcharge and overdischarge, thermal stability against abnormal condition, reduction of 

gas generation at elevated temperature (e.g., vinyl-tris(methoxydiethoxy)silane, cyclohexylbenzene, 

biphenyl, 2,5-ditertbutyl 1,4-dimethoxybenzene shuttle, gamma-butyrolactone (GBL), propene 

sultone (PRS) and so forth). Importantly, these requirements for safety enhancement in most cases 

engender considerable decay in performance. The electrochemical results of fluoro-phosphorous 

materials, as one of our previous approaches, show clearly that there is some trade-off relationship 

between safety and performance in the cell. Thus, it would be very challenging for us to overcome 

this obstacle and enhance safety (or thermal stability) without any sacrifice in performance. 

Desirable improvements can be achieved by introducing nitrile functional groups in the molecule 

backbone. With a deep consideration in molecular level, nitrile group (-CN) has high electronegativity 

(δ-), high reactive electron cloud (one sigma bond and two pi bonds) including lone pair electron of N 

atom and high affinity with transition metal (especially cobalt). Thus, as the first approach, we adopt 

succinonitrile (SN), one of the aliphatic di-nitriles, as electrolyte additive because it has already been 

used as a plasticizer being able to improve ionic conductivity in polymer electrolytes. SN plays a 

crucial role in stabilizing fully charged cell at elevated temperature by forming strong metal/ligand 

complexes on the LixCoO2 surface which hinder gas evolution, retard exothermic reaction between 

carbonate-based solution and positively charged cathode surface and even block thermal runaway. 

More positively charged surface state, Co
(4+δ)+

, is compensated by the electronegativity configuration 

of –CN (δ-), relatively resulting in large moiety of Co
4+

 which is proven by narrow-scanned N1s, 

Co2p and O1s of XPS and effectively balanced charge between surface layer and bulk. More 

importantly, enhanced safety can be obtained with negligible sacrifice in performance. High ionic 

conductivity more than ~10 mS/cm, good wettability without viscosity problem, cathodic/anodic 
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stability and outstanding cyclability at high temperature (45
o
C) prove that SN is noteworthy additive 

to solve both safety and performance requirements in light of electrolyte. 

On the basis of the lesson confirmed from SN, we consider that constructing a metal/ligand 

barrier layer is an effective strategy, expanding research range into nitrile molecules with different 

chain length and macromolecules (or cyano resins) substituted randomly with cyanoethyl ether group. 

For nitrile molecules, two types of nitrile candidates are adopted: one is mono-nitrile (CH3-(CH2)m-

CN, m=2, 5, 10) and the other is di-nitrile (NC-(CH2)n-CN, n=2, 5, 10). Here, thermally-stable surface 

passivation induced by nitrile functional group is similar to that of SN while the chain length (n or m) 

of hydrocarbon linked to the nitrile molecules determines the degree of gas evolution, dimensional 

stability and even performance; Higher hydrocarbon chain length anchored to the metal/ligand surface 

permits the surface approach of carbonate solution to increase the amount of undesired gases. Besides, 

the large number of nitrile functional group provides higher probability to passivate the surface of 

delithiated lithium cobalt oxide. The –CN concentration (or number) of di-nitriles in contact with 

cathode surface can be twice as many as that of mono-nitriles at an identical molar fraction. Thus, it 

can be postulated that shorter nitrile molecules with high –CN groups are more preferable. 

Interestingly, the presence of unsaturated bonding (e.g., double bond) within hydrocarbon chain of 

nitrile materials (e.g., cis, cis-mucononitrile) or mono-nitrile with chain length more than m=10 

causes serious degradation in electrochemical performance. The former leads to vulnerable 

decomposition inducing large irreversible capacity and the latter creates severe capacity fading due to 

the steric hindrance and polarity in the CN-absent configuration (in other words, the one –CN group 

of mono-nitrile forms the interaction with cathode surface and the intramolecular opposite side just 

exists –CH3 moiety). Conclusively, three parameters, surface coverage θ, steric hindrance of 

hydrocarbon chain length, and polarity of ending side of adsorbed nitriles affect thermal stability as 

well as cell performance. 

For macromolecule including nitrile functionality (here, cyanoethyl ether-poly (vinylalcohol) 

(PVA-CN)), it experiences thermo-irreversible gelation process and exhibits higher Li
+
-predominant 

conduction than that of liquid phase electrolyte. Importantly, being different from conventional gel 

electrolyte, gelation induced by PVA-CN never require any initiators or cross-linking agents for phase 

transformation, resulting from two major parameters, high temperature (at least more than 45
o
C, but 

desirable condition is around 60
o
C) and concentration (at least more than 2wt%). The initial stage 

being miscible with PVA-CN keeps slightly viscous phase near liquid and then turns its original phase 

into highly viscous gel phase after high temperature storage, which would be attributed to the entropic 

gain of Gibbs free energy. As is expected, the endothermic energy (e.g., temperature) required to 

separate ordered configuration of the polymer-solvent combined system from disordered phase 
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develops a strong inter/intra-chain interaction in PVA-CN which is considered to the typical LCST 

(Lower Critical Solution Temperature) behavior. Note that gel-phase PVA-CN electrolyte contributes 

to high Li
+
 transference number (t+) and liquid-like ionic conductivity despite its extreme viscosity. 

Especially, t+ indicates the highest value (> 0.8) among developed gel electrolytes until now as far as 

we know. As high t+ increases fast Li ion conduction and drives dominant concentration polarization, 

high rate capability can be improved and mass transfer limitation can also be effectively solved. 

Randomly positioned nitrile chains in the polymer backbone, as predicted from previous results, 

suppress gas generation at high temperature, shift exothermic heat to higher temperature, stabilize 

metal/ligand barrier layer and finally exhibit predominant cell performance . 

Judging from the scientific reports relevant to the nitrile functionality till now, it is strongly 

believed that the –CN groups would be also helpful to the interaction or adhesion with other pure 

metals (Cu, Al etc) due to its high reactivity. Our recent observation shows the fact that succinonitrile 

(SN) ideally prevents detrimental damages induced by Cu corrosion by forming strong protective 

layer, Cu(SN)2PF6, on the Cu surface. The formation of electric shunt by the dissolution of cuprous 

ion which occurs above 3.5V (vs. Li/Li
+
) leads to failure in cell performance and even block-off in 

cells. Generally, the corrosion of copper can occur when cells are subjected to the overdischarge near 

0V, whose seriousness can be largely made in mid-to-large scale devices because the failure in a 

single cell engenders shut-down of entire cells connected in series. The use of SN as electrolyte 

additive is easy and very convenient method without any adverse reaction in cell. To the contrary, 

other approaches for Cu protection accompany with critical limitation among which one is by redox-

shuttle additive and the other is by the addition of Li2NiO2 cathode material. Working of nitrile 

functionality, revealed through linear sweep voltammetry (LSV) experiment, is initiated at 2.8V and 

suppressed at 2.9V (vs. Li/Li
+
), showing Cu oxidation peak current, while massive amount of Cu 

oxidation is shown above 3.5V in the SN-absent electrolyte. This oxidation peak can be defined as the 

peak forming strong metal/ligand complex, Cu(SN)2PF6, which is also proven in Raman spectroscopy 

and electrochemical quartz crystal microbalance (EQCM) measurement. Building a barrier layer on 

the Cu surface largely contributes to the cell performance before/after overdischarge; in the soft-

packed LiCoO2/graphite full cell, recovery capacity more than 98% is estimated for SN-present 

electrolyte, versus only 58% for SN-absent electrolyte whose overdischarge behavior has long plateau 

profile around 0.25V indicating Cu corrosion. 

Meanwhile, in terms of physical properties and stable HOMO-LUMO window of nitrile 

molecules, we can also suggest their possibilities/contributions at cryogenic condition. Inappropriate 

operation of LIBs at low temperature is mainly attributed to limited Li ion transport of electrolyte and 

phase transition from liquid to solid, resulting in large IR drop (or ohmic polarization) and severe 
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concentration polarization. As nitrile compounds, di-nitriles and mono-nitriles, have a wide range of 

physicochemical properties such as lower melting point and higher boiling point, and relatively higher 

dielectric constant (ε) compared to cyclic and linear carbonates except EC (ε = 89), it would be 

possible enough to help positively low temperature cell performance of LIBs (Table 6-1).  

Table 6-1. Physical properties of electrolyte solvents* 

Code n or m Tm/
o
C Tb/

o
C ε 

EC - 36.4 248 89.78 

PC - -48.8 242 64.92 

NC-(CH2)n-CN 2 52-62 266 55 

 3 -30 286 37 

 4 1-3 295 30 

 5 - 172 28 

CH3-(CH2)m-CN 1 -93 97 28 

 2 -29 287 23 

 3 -96 141 - 

 4 -80 164 20 

*Tm: melting point, Tb: boiling point, ε: dielectric constant, EC: ethylene carbonate, PC: propylene 

carbonate, n=2: succinonitrile, n=3: glutaronitrile, n=4: adiponitrile, n=5: pimelonitrile, m=1: 

propionitrile, m=2: butyronitrile, m=3: valeronitrile, m=4: capronitrile. 

 

In our recent research, among nitrile candidates, propionitrile and butyronitrile as co-solvent prove 

outstanding performance at cryogenic operation, leading to eutectic point (or freezing point 

depression) around -110
o
C in case of the EC/DMC/propionitrile (1/1/1 vol.%) system without any 

phase transition. From this successful result, we expects that the formulation comprising high contents 

of nitrile molecules together with EC-based solvents may offer synergistic effect both to overcome 

working limitation of LIBs at low temperature and to resolve the safety issues related to thermal 

stability using nitrile functionality. 

In summary, the approaches to utilize materials, low Mw or high Mw, possessing nitrile 

functional groups obviously can be an effective strategy both to control interfacial reactions between 

positive or negative electrode surface and surrounding electrolyte and to solve limitation of lithium 

transfer in cryogenic condition without any sacrifice in cell performance. Nevertheless, there are 

unsolved and unoptimized assignments relevant to the nitrile functionality. For example, why gelation 

is only possible in the presence of LiPF6, why pullan-type cyano polymer never exhibit gel behavior, 

what is the best formulation to use nitrile monomer or polymer, and so forth. However, from 
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exemplary results of nitrile functionality till now, it can be invaluable to consider feasible possibilities 

that high electronegativity or affinity to form bonding with transition metals such as Mn, Ni, Co and 

Fe could offer a key to minimize negative reactions induced from cathode surface (e.g., Mn
2+

 

dissolution). Besides, in case of gel electrolyte, high Li transference number and binding ability 

enables it to be used as electrode binder or even adhesion promoter of separator participating in 

electrochemical reaction, not insulators. Recent reports of Abu-Lebdeh et al. suggest that nitrile 

molecules are one of the promising candidates to reach high-voltage electrolyte. If these results are 

confirmed theoretically or industrially, we believe that nitrile functionality or derivatives utilizing it 

may offer a great paradigm in the coming energy revolution era. 

 

Figure 6-1. Schematic diagram for stepwise approaches and technological growth/possibilities 

utilizing nitrile functionality. 
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삶의 여유라고는 찾아볼 수 없는 나의 일과였지만, 나를 위해 늦은 새벽까지 가족이라는 

이름으로 기다려 준 나의 아내와 불평없이 아빠를 너무나 사랑해 준 우리 딸에게 가장 

먼저 감사의 마음을 전하고 싶습니다. 나의 건강을 늘 걱정해 주신 우리 어머니와 하늘에서 

나를 지켜봐 주시고 힘을 주신 나의 아버지, 나를 자랑스럽게 생각해 주시는 장인/장모님과 

함박웃음으로 늘 나를 응원해 주신 처형 내/외분에게도 고마운 마음을 전합니다. 

무엇보다도 나의 연구역량을 한층 키워준 송현곤 교수님. 나의 미래를 함께 고민하고, 더 

나은 방향을 제시해 준 교수님의 지도와 배려에 말로 다하지 못한 감사함을 전합니다. 

심사위원으로서 연구에 대한 많은 조언을 해주신 조재필 교수님과 이규태 교수님, 나의 

학문적 궁핍을 채워주신 이호춘 교수님, 이상영 교수님, 그리고 지금은 고인이 되셨지만 

바른 길을 가르쳐 주신 박수문 교수님께도 고개숙여 감사를 드립니다. 어려운 시간 함께 

하면서, 나에게 청년의 자세를 가르쳐 준 윤기영 연구원, 만나면 만날수록 정이가는 

가족같은 나의 사회친구 서명수 부장님, 아버지 같은 성품으로 나를 격려하고 아껴주신 

심상빈 사장님, 변함없는 나의 큰 스승이신 안순호 상무님께도 특별한 고마움을 전합니다. 

그리고, 동료 같은 후배 승민이와 꿈을 위해 도전하는 노현국 박사님, 늘 변함없이 나를 

도와준 랩 후배님들, 태희, 한샘, 영훈, 려윤, 명희, 지은, 윤교, 치현, 동규, 민선, 

유주에게도 감사의 마음을 전합니다. 아울러, 저의 학문적 성취와 도전에 큰 박수를 

보내주셨고, 사회생활을 함께했던 나의 동료와 선/후배님들께도 큰 감사를 드립니다. 



１０４ 

 

끝으로, 이제 막 사회 첫발을 내딛는 청년의 마음으로 다시 돌아가, 변하지 않는 열정으로 

주신 감사함에 보답할 수 있는 큰 일꾼으로 성장할 것을 스스로에게 다짐해 보며, 지난 

5 년간의 박사과정 기간 동안 포기하지 않고 잘 이겨준 제 자신에게도 수고와 격려의 

마음을 보냅니다.  

 

2014년 1월. 세상과 호흡하는 법을 배우기 시작한 가슴 따뜻한 날에. 

김영수 拜上. 
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