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ABSTRACT 

The quantitative analysis of dissolved metal ions has been dependent on the spectroscopic techniques such 

as the inductive coupled plasma (ICP). This conventional method takes at least several days. Also it is easily 

fail to provide any information on the cathode surface properties. Therefore we examine that the SFE of 

cathode materials is closely related to their metal dissolution behavior. We confirm that the metal dissolution 

is determined dominantly by the total and acid SFE of the LiNi0.6Co0.2Mn0.2O2 cathode surface.  

The cell degradation of cathode material which is LiMn2O4 (LMO) for Lithium ion battery (LIB) is severe 

problem due to manganese dissolution. Because Mn dissolution is electrode/electrolyte interfacial phenome-

non, it is important to analyze the electrolyte constitution. However, more detailed research about the rela-

tionship between the electrolyte property and Mn-dissolution has not been carried out so far. Therefore, to 

investigate the effects of electrolyte on the Mn dissolution, the various change in electrolyte compositions 

were employed for Mn dissolution experiments. We conclude that increasing EC content, storage duration 

and elevated temperature promote to Mn-dissolution. We analyze the unreacted core model for spherical 

particles with fixed size such as the penetration of soluble Mn2+ ions through electrolyte, chemical reaction 

and diffusion controlled through the product layer. When increasing EC content, it diminish the activation 

energy of dissolution on electrode/electrolyte interface. 

We focused on the better understanding of the adsorption behavior of liquid electrolyte on electrodes. The 

main purpose is to determine the ,  and  values of battery electrolyte such as propylene carbonate 

(PC) and dimethyl sulfoxide (DMSO) by using wafer, polystyrene and aluminium. These results will provide 

valuable guidance for calculate the surface free energy of electrolyte. Eventually, we can get Lewis acid 

component or the electron acceptor ( ) and Lewis base component or the electron donor ( ) component of 

liquid electrolyte based on SFE of solid surface tension such as wafer, polystyrene, aluminum oxide. 

Keywords: LiMn2O4, LiNi0.6Co0.2Mn0.2O2, electrolyte, Surface free energy, metal dissolution, Pro-

pylene carbonate, dimethyl sulfoxide 
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Ⅰ. Surface Free Energy Measurement to Assess Metal Dissolution Behav-

ior of Layered Oxide LiNi0.6Co0.2Mn0.2O2 

1.1. Introduction 

 1.1 Overview 

NCM is one of promising candidates for electrical vehicles for high power with long cycle 

life. But degradation of cycle life is one of serious problem of LiNi0.6Co0.2Mn0.2O2. Main 

cause of cycle life degradation is metal dissolution of cathode. So this study mainly focused 

on to characterize the surface free energies (SFEs) of LiNi0.6Co0.2Mn0.2O2 for LIBs to predict 

metal dissolution. 

Contact angles were measured to calculate SFEs of cathodes. They were measured by the 

liquid adsorption method for various powder samples. The contact angles of 

LiNi0.6Co0.2Mn0.2O2 powders were calculated from mass changes of porous cathode by ad-

sorbing probe liquids by time. But cathode electrodes had many noises due to the mixture of 

cathode powder, conductive carbon and binder. Therefore, LiNi0.6Co0.2Mn0.2O2 powders 

should be used to examine the real characteristic cathode powders. Metal dissolution of 

LiNi0.6Co0.2Mn0.2O2 were done by atomic adsorption spectroscopy (AAS) (Shimazu 

AA7000) to confirm the correlation with SFEs. 

According to vOCG the SFE of liquid surface tension can be expressed as the sum of two 

components, . In this equation,  is the component resulting from Lewis acid-

base intermolecular interactions. The  component can be expressed to the equation 

, where  and  are the nonadditive parts of the liquid surface tension. 

The total surface free energy of a liquid is easily obtained by using ring method. And then, a 
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set of three solid is required to calculate the SFE components for the liquid, by means of the 

vOCG equations [Eq 13]. 
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1.2 Theory of surface free energy calculation by contact angle measurements 

The investigation of interaction between liquid and solid by contact angle measurement has 

begun from early 18th century by Thomas Young[1]. Thanks to these studies, the calculation 

method of SFE was suggested by D. K. OWENS in 1969[2]. He analyzed surface energy of 

solids and resolved the surface energy into dispersion and dipole-hydrogen bonding forces by 

based on measuring contact angles by using water and methylene iodide. Especially, meas-

ured surface energies were well matched with Zisman’s γc (Critical Surface Tension: Total 

surface energy) [3] and Fowkes’ γd (Dispersion Force)[4]. 

 

Polymeric Solid γc 

Polymethacrylic ester of Φ'-octanola 10.6 

Polyhexafluoropropylene 16.2 

Polytetrafluoroethylene 18.5 

Polytrifluoroethylene 22 

Polyvinylidene fluoride 25 

Polyvinyl fluoride 28 

Polyethylene 31 

Polytrifluorochloroethylene 31 

Polystyrene 33 

Polyvinyl alcohol 37 

Polymethyl methacrylate 39 

Polyvinyl chloride 40 

Polyvinylidene chloride 40 

Polyethylene tercphthalate 43 

Polyhexamethylene adipamide 46 

 

Table 1. Critical surface tensions of polymeric solids [3]  
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Fig. 1. A very simple Fowkes’ model of interface [4] 

 

At the interface between mercury and a saturated hydrocarbon the molecules in the two “in-

terfacial region” are subject to the resultant force field made up of components arising from 

bulk attractive forces in each phase, and the London dispersion forces operating across the 

interface itself [4]. 

 C.J. van Oss, M.K. Chaudhury and R.J. Good (vOCG) divided polarity of monopolar sur-

face into acid and base part of SFE in 1987 [5]. Bronislaw Jańczuk summarized the compo-

nents of the surface tension of some liquids from interfacial liquid-liquid tension measure-

ments in 1993 [6]. Sum up the study of Bronislaw Jańczuk, the liquid surface tension or solid 
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SFE can be expressed as the sum of the parts of different kind of intermolecular interactions 

[7]. 

 

      (Eq. 1) 

 

where γ is the surface tension of a liquid or the solid SFE, and index d refers to dispersion, I 

refer to induced dipole-dipole, p to dipole-dipole, h to hydrogen bonding, π to π bonding, e to 

electrostatic, and ad to accepter-donor interactions. Practically it can be written  

 

         (Eq. 2) 

 

where  is the nondispersion component of SFE of a liquid or solid surface tension. This 

component is sum of all parts of the surface tension resulting from the nondispersion inter-

molecular interactions present in a given phase.  

The interfacial free energy of solid-liquid or liquid-liquid as a function of the geometric 

mean of dispersion and nondispersion intermolecular interaction [2, 7-9] can be expressed  

 

        (Eq. 3) 

 

where 1 and 2 refer to two immiscible phases in contact with their own vapor, and the index 

12 refers to two phases being in contact with each other after equilibration. The component 

of the liquid surface tension ( ) can be calculated from Eq2 and 3 on the 
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basis of interfacial tension  measurements. If the liquid 1 is hydrocarbon Eq. 3 can be 

rewritten.  

 

       (Eq.4) 

 

The dispersion and nondispersion components can be also be calculated on the basis of the 

Young’s equation [1,2,7-9]. 

 

       (Eq. 5) 

 

L and S refer to liquid and solid, respectively. If  and  are known for a given liquid 

on the surface of two different solids,  and  can be easily calculated by Eq. 5. In the 

case when SFE of solid results only from dispersion intermolecular interactions Eq. 5 can be 

resolved into the form 

 

       (Eq. 6) 

 

vOCG [5, 10, 11]suggest that from Eq. 4 there can be obtained the components of the sur-

face tension resulting from Lifshitz-van der Waals intermolecular interactions, which consti-

tute the equation 

 

      (Eq. 1-7). 
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According to vOCG [11] the SFE of solid or liquid surface tension can be expressed as the 

sum of two components, 

 

      (Eq.8) 

 

where  is the component resulting from Lewis acid-base intermolecular interaction. 

The  component can be expressed to the equation 

 

       (Eq. 9) 

 

where  and  are the nonadditive parts of the liquid surface tension or solid SFE re-

sulting from electron-accepter and electron-donor interactions, respectively. 

Combining Eq. 9 into 8, we have 

 

        (Eq. 10) 

 

Considering Eq. 10, vOCG [5, 10, 11] derived the equation describing the work of adhesion 

of phase 1 to phase 2. In the case of two liquids that are in contact this equation assume the 

form 

 

        (Eq. 11) 
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In the case when  Eq. 11 can be rewritten in the form of 

 

         (Eq. 12) 

 

According to vOCG [5, 10, 11], exists between the contact angle and components of solid 

SFE and liquid surface tension can be expressed 

 

       (Eq. 13) 

 

We used Eq. 13 with three different probe liquids to calculate SFEs of cathode materials for 

Li-ion batteries.[12] 
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1.3 Capillary Rising Method for Porous Materials 

Contact angles of porous powders can be measured by capillary rising method. According to 

Washburn, we can calculate the contact angle of porous power by measuring adsorbed liquid 

height by times. 

 

 

 

 

Fig. 2. Schematic experimental setup for contact angle measurements at powders[9] 

 

Relations of capillary rising can be described by Washburn equation[13] 
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     (Eq. 14) 

 

where h is the height of liquid penetration at time t, r is the radius of capillary.  Is the liq-

uid to vapor surface tension,  is the contact angle,  is the difference in density between 

the liquid and the gas phase, and  is the viscosity. Washburn equation can be measured by 

detection of m2/t and can be simplified by measuring capillary constant. Capillary constant 

can be obtained by measuring m2/t with totally wetting liquid which is n-hexane.  

 

      (Eq. 15) 

 

        (Eq. 16) 

 

where r is radius of the micro capillaries between powder particles,  is the number of 

powder particles. Capillary rising method cannot be used for above 90°: no liquid can pene-

trate to the powder above 90° [9, 13-15]. 
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1.4 Examples of Surface Free Energy Usages to analyze the characteristics of Li-ion 

Batteries  

 Surface polarity studies of alumina coated LiCoO2 through measuring adsorbed CO2 or NH3 

gaseous particles on the surface by XPS measurements were reported[16, 17]. 

 sample N/metal S/metal 

γ-Al2O3 0.006 0.025 

SnO2 0.051 0.023 

TiO2 anatase 0.063 0.08 

LiCoO2 0.06 0.75 

LiCo0.75Al0.25O2 0.07 0.64 

LiCo0.50Al0.50O2 0.06 0.36 

 
Table 2. N/Metal and S/Metal ratios measured by XPS after adsorption of NH3 or CO2 
at 80℃ on LiCo1-xAlxO2 Samples (0 ≤ x ≤ 0.50), compared with various oxides in the 
same experimental conditions [16] 
 

Adsorbed CO2 or NH3 were decreased with increasing alumina ratio of cathode material: 

Alumina lower the basicity of cathode material as it shown in table 1. But this method only 

predicts polarity of cathode material indirect way. 

Surface polarity was also determined by using carbon dioxide adsorption micro calorimetry 

measurement: Carbon dioxide is acidic which expected to adsorbed more strongly on basic 

sites. CO2 adsorption microcalorimetry measurements were carried out to determine the 

number, strength and strength distribution of the surface basic sites of the various cathode 

materials[18]. But it is also an indirect measurement. 
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2. Experimental 

2.1 Adsorption Method 

The adsorption method (capillary rise technique) was used to measure the contact angles of 

the cathode powders for the Li-ion batteries. Tensiometer K100 (Krüss, Hamburg, Germany) 

was used for contact angle measurement of cathode powders filled in SH0620 fiber chambers 

as showed in the Fig. 3. 

 

 

Fig. 3. Fiber chamber SH0620 (Krüss, Hamburg, Germany) 

All powder samples were also stored in a 110℃ vacuum furnace for over one day before 

measurement to dehydrate. The properties of the cathode powders were changed according to 

the time exposed to air due to the humidity. Therefore the contact angles were measured 
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within one hour. Capillary constant must be measured to determine the contact angles of po-

rous materials such as cathode powder for Li-ion batteries. The n-hexane was used to meas-

ure capillary constant which has only dispersity part, not any of polar part. So the capillary 

constant was calculated by using Washburn’s equation due to the fact that the contact angle 

should be zero. So the  was equal to one. The other terms are constant so, we can calcu-

late the capillary constant.  

0 100 200 300 400 500 600

0.0

0.5

1.0

1.5

2.0

2.5

3.0

M
as

s^
2 

(s
q.

g)

Time (sec)
 

Fig. 4. Formamide adsorption mass change by time of LiNi0.6Co0.2Mn0.2O2 powder 

After that, by measuring mass changes by the adsorption of known probe liquids by time, the 

contact angles of powder cathode by each probe liquids were calculated by using Washburn 

equation (Eq. 3). The mass square changes by time were chosen of its maximum gradient af-

ter the filter noises. Fig. 4 showed mass changes by adsorbing probe liquid time of 
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LiNi0.6Co0.2Mn0.2O2 powder.  
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Fig. 5. Adsorbed mass of probe liquids to filter 

 

Fig. 5 showed the adsorbed mass of probe liquids to filter. Diiodomethane adsorbed more and 

rapidly to the powder cathode than other probe liquids. So diiodomethane needed more cau-

tious to loading the powder. To calculate SFEs of porous material the van Oss-Chaudhury-

Good (vOCG) equation was used.  

 

Eq. 17. Washburn’s equation[13] 
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2.2 Preparation of NCM electrode 

Cathode slurry was prepared by combining NCM powder (L&F Co., Korea) as active mate-

rial, Super-p as conductive carbon and PVdF (KF 1300, Kureha) as binder. NMP was used as 

solvent to adjust the viscosity of the slurry. The four ball-milled slurries were uniformly coat-

ed onto Al foil which is current collector and dried in oven at 110oC for 30 min. The dried 

electrodes were pressed and then dried again in a vacuum oven at 80oC overnight 
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2.3 Metal dissolution 

To investigate the influence of the surface free energy (SFE) on the metal dissolution behav-

ior, one piece of the NCM electrode (14 mm diameter) was stored with 4ml of electrolyte in a 

PTFE bottle (Cowie) at 60oC for 14 days. The electrolyte which is composed of 1M LiPF6 in 

EC/EMC (3/7 by volume, LG Chem.) is used. The water contamination in the electrolyte is 

under 10 ppm, and the electrolyte is stored in glove box which is filled with Argon gas. After 

the high temperature (60oC) storage with NCM electrode, the concentration of metal ion in 

the electrolyte was analyzed by using atomic absorption spectroscopy (AAS, Shimadzu). At 

the same time, contents of water and HF were analyzed by Karl Fisher (831 KF coulometer, 

Metrohm) and acid-base titration methods (848 Titrino plus, Metrohm).  
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3 Results and discussion 

3.1 Metal dissolution and Surface Free Energies of LiNi0.6Co0.2Mn0.2O2  

Strong relationships between metal dissolution and SFEs were confirmed by statistical anal-

ysis with Minitab software. By measuring mass changes by the adsorption of known liquids 

which is water, diiodomethane, formamide, we got a lot of contact angle.   

Fig. 6 shows various contact angle of probe liquids. Most of them were high contact angle. 

Especially, diiodomethane adsorbed more rapidly to the powder cathode than other probe 

liquids.  

 

 

 

 

 

 

 

Figure. 6. Contact angle from adsorption method by using (a) water (b) diiodomethane 

(c) formamide 
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Fig 7 shows various surface free energy components which is total, disperisity, polarity, acid 

and base. In general, surface free energy of dispersity showed higher than polarity. Also sur-

face free energy of total, polar and acid components showed same trend. On the contrary, the 

other showed different trend.  
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Figure. 7. Surface free energy components 

To investigate the correlation of the surface free energy of LiNi0.6Co0.2Mn0.2O2 with metal 

dissolution, they were employed at high temperature (60℃) for 14days. Fig 8 shows metal 
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dissolution of various LiNi0.6Co0.2Mn0.2O2 electrode.  
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Figure. 8. Mn dissolution of 1M LiPF6 EC/EMC(3:7) after high temperature (60 oC) 

storage for 14days. 
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3.2 Analysis of the morphology of Al coated LiNi0.6Co0.2Mn0.2O2 

To investigate the morphology of LiNi0.6Co0.2Mn0.2O2, various powders are analyzed using 

SEM. Fig 9 shows that surface of LiNi0.6Co0.2Mn0.2O2 were well covered with Al2O3 evenly. 

Also we confirmed that particle size were correct predictably. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. SEM images of LiNi0.6Co0.2Mn0.2O2 powders by increasing particle size (a) 4㎛, 

(b) 10 ㎛, (c) 10 ㎛, and (d) 15 ㎛ 
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3.3 Connection between SFE and metal dissolution of Al coated LiNi0.6Co0.2Mn0.2O2  

 Fig 10 shows that the correlations of Ni dissolution with surface free energy. To analyze 

the results quantitatively, statistical analysis which is correlation coefficient and P-value were 

used. Table 3. Shows statistical analysis of correlation of Ni dissolution with SFEs. In this 

case, if the correlation coefficient value closed to 1 which means it has positive linear corre-

lation, and P-value under 0.05 has same meaning. 

The P-value of acid with Ni dissolution was 0.05 which means that they have very strong 

correlation. And total SFE with Mn dissolution showed 0.06 of P-value. But between disper-

sity of surface free energy and Ni dissolution showed 0.9 of P-value which means that they 

have no correlation. We confirmed that there are very strong correlation between acid, total 

surface free energy and Ni dissolution. 
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Fig. 10. Correlations of SFEs and Ni dissolution of LiNi0.6Co0.2Mn0.2O2  

 Dispersity 

(γ_d) 

Polarity 

(γ_p) 

Acid 

(γ_+) 

Base 

(γ_-) 

SFE total 

(γ_total) 

Correlation 

coefficient 
-0.1 0.69 0.95 0.16 0.94 

P-value 0.9 0.31 0.05 0.84 0.06 

 

Table. 3. Correlations of SFEs and Ni dissolution of LiNi0.6Co0.2Mn0.2O2 by using corre-

lation coefficient and P-value 

Correlations of Co dissolution of LiNi0.6Co0.2Mn0.2O2 with SFEs were shown in Fig 11 and 

Table 4. Between Pp-value of acid surface free energy and Co dissolution was 0.01 which 

means that they have very strong correlation. And total SFE with Co dissolution showed 0.02 

of P-value. But between dispersity of surface free energy and Co dissolution showed 0.85 of 

P-value which means that they have no correlation. We confirmed that there are very strong 
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correlation between acid, total surface free energy and Co dissolution. 
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Fig. 11. Correlations of SFEs and Co dissolution of LiNi0.6Co0.2Mn0.2O2  

 Dispersity 

(γ_d) 

Polarity 

(γ_p) 

Acid 

(γ_+) 

Base 

(γ_-) 

SFE total 

(γ_total) 

Correlation 

coefficient 
-0.15 0.75 0.99 0.25 0.98 

P-value 0.85 0.25 0.01 0.75 0.02 

Table. 4. Correlations of SFEs and Co dissolution of LiNi0.6Co0.2Mn0.2O2 by using corre-

lation coefficient and P-value 

Correlations of Mn dissolution of LiNi0.6Co0.2Mn0.2O2 with SFEs were shown in Fig 12 and 

Table 5. Between P-value of acid surface free energy and Mn dissolution was 0.01 which 

means that they have very strong correlation. And total SFE with Mn dissolution showed 

0.01 of P-value. But between dispersity of surface free energy and Mn dissolution showed 

0.73 of P-value which means that they have no correlation. We confirmed that there are very 
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strong correlation between acid, total surface free energy and Mn dissolution. Fig 13 shows 

that schematic illustration of LiNi0.6Co0.2Mn0.2O2 dissolution mechanisms. 
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Fig. 12. Correlations of SFEs and Mn dissolution of LiNi0.6Co0.2Mn0.2O2  

 

 

 Dispersity 

(γ_d) 

Polarity 

(γ_p) 

Acid 

(γ_+) 

Base 

(γ_-) 

SFE total 

(γ_total) 

Correlation 

coefficient 
-0.27 0.79 0.99 0.4 0.99 

P-value 0.73 0.21 0.01 0.6 0.01 

Table. 5. Correlations of SFEs and Mn dissolution of LiNi0.6Co0.2Mn0.2O2 by using cor-

relation coefficient and P-value 

 

 

 

Su
rf

ac
e 

fr
ee

 e
ne

rg
y(

m
J/

m
2 )

 

Dissolved Mn ion (ppm/m
2
) 

γ_total 

γ_p 
γ_d 
γ_+ 

γ_- 

- 24 - 



 

 

Fig. 13. Schematic illustration of LiNi0.6Co0.2Mn0.2O2 dissolution mechanisms 

 

 

 

 

4. Conclusions 

The SFEs of various kinds of NCM cathode materials for LIBs were analyzed in conjunc-

tion with their metal dissolution behavior. We confirmed the strong correlation between sur-

face free energy and metal dissolution behavior of the NCM cathode materials: The higher 

SFEs, the higher metal dissolution. We also confirmed that the acid and total component ra-
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ther than the disperse one dominantly determine the metal dissolution of NCM cathode mate-

rials. The acidic part of the polarity of NCM cathode materials is related to the reactivity with 

F– ions and the basic one to the reactivity toward H+ ions in the electrolyte. This study sug-

gests that the SFE characterization of the cathode materials can predict their metal dissolu-

tion behavior, and can be an optimization criterion of cathode surface coating materials. 
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Ⅱ. Influence of the electrolyte constitution on the dissolution kinetics of 
manganese from LiMn2O4 cathode for lithium ion battery 

1 Introduction 

 Spinel cathode material which is LiMn2O4 is considered a promising cathode material 

for lithium ion batteries, due to its superior electrochemical performance, low cost, and 

environmental inertness. Especially it is important for large scale applications such as 

electric vehicles and energy storage systems [19, 20]. However, the poor thermal stability 

of LMO and manganese dissolution at elevated temperatures has interrupted its progress 

in new applications [21-30]. In general Mn dissolution is associated with a disproportiona-

tion which liberates soluble Mn2+ into electrolyte: Mn3+ (electrode) → Mn4+ (electrode) + 

Mn2+ (electrolyte) [23-26]. Then, the dissolved Mn2+ moves to the anode and aggravates 

degradation of the anode/electrolyte interface, which is revealed to be a key failure mech-

anism of LMO-based LIBs at elevated temperature [27-30]. Fig. 14 show that schematic 

illustration of Mn dissolution. Mn dissolution is heavily affected by electrolyte due to 

electrode/electrolyte interfacial phenomenon. 
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Fig. 14. Schematic illustration of Mn dissolution mechanisms.  

However, more detailed research about the relationship between the electrolyte property 

and Mn-dissolution has not been carried out so far. Therefore, to investigate the effects of 

electrolyte on the Mn dissolution, the various change in electrolyte compositions based on 

1 M LiPF6 EC/EMC (1/2, v/v), such as different EC content (10, 30, 90 vol. %), were em-

ployed for Mn dissolution experiments. Also to investigate the activation energy of elec-

trode/electrolyte interface, different temperature were employed for Mn dissolution exper-

iments. In generally, it is well-known that Mn dissolution behavior arises more severely at 

elevated temperature, so the samples were stored at 35oC, 45oC, 55oC and 65oC and then 
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the amount of dissolved Mn ion in the electrolyte was analyzed by Atomic absorption 

spectroscopy (AAS). 

For this systems, two reaction models can be considered [31] model A is unreacted core 

model for spherical particles with fixed size. Also model B is shrinking core model. Blyr et al. 

reported that manganese dissolution lead to converted materials whereas the first materials 

still in the core. [32] So model A likes to be more suitable for explaining the dissolution of 

manganese ion. 

 Various established models, i.e., the penetration of soluble Mn2+ ions controlled process, 

chemical reaction controlled process and diffusion controlled process through the product 

layer. The equations of these models are expressed for various rate controlling mechanism. 

[30, 33]  

1. The penetration of soluble Mn2+ ions through electrolyte controlled 

Xa
 = kt  for mechanism   (Eq. 17) 

2. Chemical reaction controlled 

1 (1 Xa)1/3 = kt  for mechanism   (Eq. 18) 

3. Diffusion controlled through the product layer 

1 (1 Xa)2/3+2(1 Xa) = kt  for mechanism   (Eq. 19) 
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First mechanism is the penetration of soluble Mn2+ ions through electrolyte controlled pro-

cess. The cause of dissolution LiMn2O4 is the penetration through electrolyte surrounding 

particles. Fig 15 shows that schematic diagram controlled by dissolution reaction LiMn2O4 in 

electrolyte. Second mechanism is the Chemical reaction controlled process. According to this 

model, the reaction in the spherical particle occurs homogeneously in all direction. Fig 16 

shows that schematic diagram controlled by chemical reaction LiMn2O4 in electrolyte. Fig 17 

show that schematic diagram controlled by diffusion through the product layer LiMn2O4 in 

electrolyte for EC/EMC ratio changes (EC=10, 30, 90%). 

 

 

Fig. 15. Schematic diagram controlled by dissolution reaction LiMn2O4 in electrolyte 

for EC/EMC ratio changes (EC=10, 30, 90%). 
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Fig. 16. Schematic diagram controlled by chemical reaction LiMn2O4 in electrolyte 

for EC/EMC ratio changes (EC=10, 30, 90%). 

 

 

 

Fig. 17. Schematic diagram controlled by diffusion through the product layer 

LiMn2O4 in electrolyte for EC/EMC ratio changes (EC=10, 30, 90%). 
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2 Experimental 

To analyze the Mn dissolution behavior, each piece of the LMO electrode (14 mm di-

ameter, LMO: PVdF : Super-p=94:3:3, 9.07±0.1 mg/cm2, L&F) were stored in a polytetra-

fluoroethylene (PTFE) bottle with 4 ml of the electrolyte at various temperature(35oC, 

45oC, 55oC and 65oC). The weights of the closed PTFE bottles before and after the storage 

were checked in order to avoid possible errors by leakage during the storage. And the next 

analysis was performed only when the weight loss was negligible. For determination of 

dissolved Mn2+ concentration, 0.5 ml of electrolyte was sampled and diluted with distilled 

water by a factor of 10, and then the diluted solution was analyzed by atomic absorption 

spectroscopy (AA-7000, Shimadzu). At the same time, water and HF contents were ana-

lyzed by Karl Fisher (831 KF coulometer, Metrohm) and acid-base titration methods (848 

Titrino plus, Metrohm), respectively. Fig. 18 shows the procedure of Mn dissolution ex-

periment. 
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Fig. 18. Procedure of Mn dissolution experiment to investigate the content of water and 

HF, and the concentration of dissolved Mn2+ ion in the electrolyte at various tempera-

ture storage (35oC, 45oC, 55oC and 65oC). 
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3 Results and discussion 

3.1 Effects of EC content, reaction temperature and storage time on Mn dissolution 

To analyze the effect of EC content on Mn dissolution, the LMO electrodes were stored 

in electrolyte with different EC contents (10, 30, 90 vol. %) at various temperature for 

planned days. Also both H2O and HF of electrolyte were measured simultaneously after 

each planned days. Fig. 19 show that the amount of Mn2+ ion in the electrolyte increases 

with higher EC content, temperature and storage time. Furthermore, it is indicated that the 

concentration of Mn2+ ion in the electrolyte is saturated after 40 days.  

Various temperatures (35oC, 45oC, 55oC and 65oC) were considered for the study of ki-

netics of manganese dissolution in EC/EMC. Especially, contents of manganese dissolu-

tion were more than other temperatures at 65oC. Based on the saturated state, more con-

sideration about kinetics and activation energy of Mn dissolution will be discussed.  
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Fig. 19. Mn dissolution of 1 M LiPF6 EC/EMC (1/9, 3/7, 9/1 by volume) at various tem-

perature (35oC, 45oC, 55oC and 65oC) storage for 2, 9, 19, 29, 36, 46 and 56 days. 
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3.2Kinetics of Mn dissolution 

 By means of the relationship between the dissolution amount and the storage time at various 

temperature, the dissolution mechanism of the LiMn2O4 system can be further explored by 

kinetic analysis. In the dissolution reaction of LiMn2O4, Mn3+ ions first convert into Mn2+ 

ions and then diffuse into the electrolytes. The dissolution reaction can be considered to take 

place in a liquid-solid system. The particles were suppose to be homogeneous spherical solid 

phase. It was selected to analyze the dissolution rate of manganese in solution.  

 

3.3 The penetration of soluble Mn2+ ions through electrolyte controlled process 

Firstly, the conversion of the dissolution reaction (Xa) was calculated from Eq.17, 20 where 

the Mn2+ in the numerator was obtained from the data in Fig. 19. Fig 20 showed that nonline-

ar tendencies with R2 values of 0.968, 0.983 and 0.988 for EC/EMC ratio changes (EC=10, 

30, 90%) at 35oC respectively. At 45oC, it showed that nonlinear tendencies with R2 values of 

0.988, 0.983 and 0.979 for EC/EMC ratio changes (EC=10, 30, 90%) respectively. The R2 

values for EC/EMC ratio changes (EC=10, 30, 90%) are 0.970, 0.987 and 0.978 at 55oC re-

spectively. At 65oC, it showed that nonlinear tendencies with R2 values of 0.978, 0.979 and 

0.978 for EC/EMC ratio changes (EC=10, 30, 90%) respectively. However the reaction rate 

constant (k) is proportional to the EC contents and the temperature. Fig 14 shows that sche-

matic diagram controlled by dissolution reaction LiMn2O4 in electrolyte.  

 (Eq. 20) 
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Fig. 20. The penetration of soluble Mn2+ ions through electrolyte mechanisms are plot-

ted for various temperatures and EC/EMC ratio changes (EC=10, 30, 90%) 

 

 

3.4 Chemical reaction controlled process 

Time for different fraction of reacted particles of manganese at 35oC, 45oC, 55oC and 65oC 

were calculated from eq18. Fig 21 shows that the correlation coefficient values of the plotted 

lines. The correlation factors for the four temperatures were very low. Therefore chemical 

reaction model could not be the rate determining step during dissolution of manganese. It 
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showed that nonlinear tendencies with R2 values of 0.968, 0.983 and 0.988 for EC/EMC ratio 

changes (EC=10, 30, 90%) at 35oC respectively. At 45oC, it showed that nonlinear tendencies 

with R2 values of 0.988, 0.983 and 0.964 for EC/EMC ratio changes (EC=10, 30, 90%) re-

spectively. The R2 values for EC/EMC ratio changes (EC=10, 30, 90%) are 0.970, 0.987 and 

0.978 at 55oC respectively. At 65oC, it showed that nonlinear tendencies with R2 values of 

0.972, 0.979 and 0.978 for EC/EMC ratio changes (EC=10, 30, 90%) respectively. However 

the reaction rate constant (k) is proportional to the EC contents and high temperature.  
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Fig. 21. Chemical reaction mechanisms are plotted for various temperatures and 

EC/EMC ratio changes (EC=10, 30, 90%) 

 

 

 

 

3.5 Diffusion controlled through the product layer 

Fig 22 illustrates the curves corresponding to the function of 1 (1 Xa)2/3+2(1 Xa) = kt at 

various temperature (35oC, 45oC, 55oC and 65oC) as a function of reaction time. The data 

yielded a very high correlation coefficient for all the temperature. This model displays good 

linearity and the correlation coefficient(R). In other words, the rate of manganese dissolution 

reaction from LiMn2O4 is controlled by the diffusion of soluble Mn2+ ions through the prod-

uct layer rather than the chemical reaction and the penetration of soluble Mn2+ ions. It is ob-

vious that the data does fit with a straight line and it is concluded that the diffusion through a 

solid reaction product. Fig 22 shows that linear tendencies with R2 values of 0.985, 0.998 and 

0.990 for EC/EMC ratio changes (EC=10, 30, 90%) at 35oC respectively. At 45oC, it showed 

that linear tendencies with R2 values of 0.989, 0.988 and 0.979 for EC/EMC ratio changes 

(EC=10, 30, 90%) respectively. The R2 values for EC/EMC ratio changes (EC=10, 30, 90%) 

are 0.975, 0.994 and 0.995 at 55oC respectively. At 65oC, it showed that linear tendencies 

with R2 values of 0.969, 0.985 and 0.986 for EC/EMC ratio changes (EC=10, 30, 90%) re-
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spectively. So the reaction rate constant (k) is proportional to the EC contents and high tem-

perature. 

According to Eq. 19, the reaction rate constant k can be calculated form the slope of each 

line in Fig 18. When the EC/EMC ratio changes (EC=10, 30, 90%) the reaction rate constants 

(k) are 1.32 10-6, 1,90 10-6 and 3.43 10-6s-1 at 35oC respectively. At 45oC, the reaction rate 

constants (k) are 2.28 10-6, 3.69 10-6 and 6.71 10-6s-1 respectively. The reaction rate con-

stants (k) are 6.76 10-6, 7.87 10-6 and 1.24 10-5s-1 for 55oC respectively. At 65oC, the reac-

tion rate constants (k) are 1.39 10-5, 2.09 10-5 and 3.62 10-5s-1 respectively. It means  

k value increase with higher EC contents and temperature.  
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 Fig. 22. Diffusion through the product layer mechanisms are plotted for various 

temperatures and EC/EMC ratio changes (EC=10, 30, 90%). 
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3.6 Activation energy determination 

 Reaction rate constants (k) at various temperatures were obtained from the slope of the line-

ar plots for manganese. And then the values of reaction rate constants (k) were plotted ac-

cording to the Arrhenius type equation. Fig 23-25 shows that the plot of ln K vs. 1/T (K) was 

straight line for manganese. The apparent activation energy calculated from the Arrhenius 

plot was 70.5 kJ/mol for EC/EMC ratio (1:9). For EC/EMC ratio (3:7) and (9:1), the magni-

tudes of activation energy are calculated to be 68.5, 65.3 kJ/mol. The more EC contents in-

crease, the less activation energy decrease. These results confirmed that manganese dissolu-

tion is controlled by diffusion through the product layer. 

 

 

 

 

 

 

 

 

 

Fig. 23. Arrhenius plot for the dissolution of manganese for EC/EMC ratio (1:9) 
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Fig. 24. Arrhenius plot for the dissolution of manganese for EC/EMC ratio (3:7) 

 

 

 

 

 

 

 

 

 

Fig. 25. Arrhenius plot for the dissolution of manganese for EC/EMC ratio (9:1) 
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3.7 Effect of solvation energy and HF 

Mn dissolution experiment with various salts (LiPF6, LiClO4, LiTFSI) solvents and HF 

Contents were used in this study.  

Particularly, the lithium bis(trifluoromethylsulfonyl)imide(LiTFSI) salt is well known to 

be more stable and safer than the LiPF6 salt. [36] Other solvents are ethyl methyl car-

bonate (EMC), ethyl carbonate (EC),1,2-dimethoxyethane (1G), Trimethyl phosphate 

(TMP), and dimethyl sulfoxide (DMSO). 1 M LiPF6 X/EMC (1:1 by mol, X=EMC, EC, 

1G, TMP or DMSO) were stored at 60oC oven for 7 days with a piece of LMO electrode. 

Fig. 26-28 show that the Mn dissolution is exponentially proportional to the donor number 

(DN) of solvents. The DN is a quantitative measure of the ability to solvate cations and 

Lewis acids. Considering donor number represents solvation energy, the experimental re-

sult that the Mn dissolution is exponentially proportional to the donor number of the sol-

vent. To analyze the influence of HF, it was added to LiClO4, LiTFSI solution. Also, Fig. 

26-27 show the contents of Mn dissolution were proportional to HF. 
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Fig. 26. Mn dissolution of 1M LiClO4 X/EMC (1:1mol, X=EMC, EC, 1G, TMP or 

DMSO) for various HF contents. 

 

Fig. 27. Mn dissolution of 1M LiTFSI X/EMC (1:1mol, X=EMC, EC, 1G, TMP or 

DMSO) for various HF contents. 
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Fig. 28. Mn dissolution of 1M LiPF6 X/EMC (1:1mol, X=EMC, EC, 1G, TMP or 

DMSO)  
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4. Conclusions 

We examined the kinetics of manganese dissolution at elevated temperatures, stor-

age duration and EC/EMC ratio changes (EC=10, 30, 90%) from LiMn2O4. Manganese 

dissolution increased with EC contents and high temperature. Dissolution data showed 

that manganese dissolution occurs by diffusion reaction of Mn2+ ions through the product 

layer. The rate constant of the diffusion reaction was dependent on EC content. The con-

centration of Mn ion in the electrolyte was saturated after 40 days. In addition, low EC 

contents possess a higher activation energy and greater reaction rate constant of the disso-

lution process. Therefore, the dissolution of manganese from LiMn2O4 will be accelerated 

at elevated temperatures and high EC ratio.  
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Ⅲ. Analysis of surface free energy in battery electrolytes 

1 Introduction 

Li-ion batteries (LIBs) are widely used for large scale applications like electric vehicles and 

renewable energy storage systems. For a better understanding of the adsorption behavior of 

liquid electrolyte on electrodes, the interface parameters are determined by contact angle and 

surface tension measurements. Characterization and expectation of wetting phenomenon by 

contact angle measurements and surface free energy calculations are powerful analysis tools. 

Many factors affect the performances of batteries. One of the key factors is the wettability of 

both electrodes and electrolytes.  

 Characterization and prediction of wetting phenomenon by contact angle measurements and 

surface free energy calculations are excellent analysis tools. The thermodynamics of the ses-

sile drop were first described by Young [34], which establishes the relation between the sur-

face free energies of a liquid and solid. For a better understanding of the adsorption behavior 

of liquid electrolyte on electrodes, the interface parameters are determined by contact angle 

and surface tension measurements.  

 If we know surface free energy of various probe solid, we calculate SFEs of battery electro-
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lyte such as propylene carbonate(PC) and dimethyl sulfoxide(DMSO) ethylene car-

bonate(EC), ethyl methyl carbonate(EMC), dimethyl carbonate(DMC), diethyl car-

bonate(DEC). Already, we know surface free energy values for wafer, polystyrene and alu-

minium. On the basis of the contact angles obtained on wafer, polystyrene and aluminium 

oxide the Lifshiz-van der waals compononts of the water, diiodomethane and formamide sur-

face free energy were determined. By using the contact angle values of wafer, polystyrene 

and aluminium the value of the electron acceptor( ) and electron donor( ) parameters of the 

acid-base components of battery electrolyte such as propylene carbonate(PC) and dimethyl 

sulfoxide(DMSO). 

Eventually, we can get Lewis acid component or the electron acceptor ( ) and Lewis base 

component or the electron donor ( ) component of liquid electrolyte based on SFE of solid 

surface tension such as wafer, polystyrene, aluminum oxide. 

The main purpose is to determine the ,  and  values of battery electrolyte such as 

propylene carbonate(PC) and dimethyl sulfoxide(DMSO) by using wafer, polystyrene and 

aluminium. These results will provide valuable guidance for calculate the surface free energy 

of electrolyte.  
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2 Experimental 

First we have to calculate the surface free energy of probe solids such as Al2O3, Polysty-

rene(PS) and Wafer(Si-111). Three probe liquids were used to measure probe solids in order 

to calculate SFEs. Diiodomethane, formamide (Aldrich) and deionized water were used for 

probe liquids. Table 6 shows SFE properties of probe liquids. [35]                        

The liquid surface free energy has been measured from a tensiometer (Kruss, Germany) us-

ing the ring method. Between 7 and 10 measurements were performed for each sample. The 

highest and lowest values were disregarded and the remaining values were used to calculate. 

The measurements were done that the vertically hung ring was dipped into the liquid to 

measure its surface tension. And then it was pulled out. The maximum force needed to pull 

the ring through the interface was expressed as surface tension rL (mN/m). It was first cali-

brated with pure water to ensure accuracy. The surface free energy of pure water was ob-

tained to be close to 72.5 mJ/m2. 

And then the contact angles of probe solid were measured according to sessile drop method 

using a goniometer (Krüss, Germany). The contact angles were measured as soon as the liq-

uids dropped on the probe solids. Fig 29 shows schematics of surface free energy factors be-
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tween solid, liquid and vapor. We can get surface free energy of probe solids. 

Finally, we can calculate the surface free energy of electrolyte by using vOCG (eq13) equa-

tion.  

 
Fig. 29. Schematics of SFEs factors between solid, liquid and vapor 

 

 

Table 6. SFE properties of probe liquids [35] 
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3 Results and discussion 

3.1 Characterization of reference materials 

 Contact angle values obtained with the reference liquids water, diiodomethane, and forma-

mide for probe solids such as Al2O3, Polystyrene(PS) and Wafer(Si-111) are displayed in Ta-

ble 7-9. Table 6 show that water and formamide have both polar and dispersive components, 

while diiodomethane has mostly dispersive components. Fig. 30-32 show that the contact an-

gle probe liquids such as water, diiodomethane, formamide were displayed on reference ma-

terials like Al2O3, Polystyrene(PS) and Wafer(Si-111). Based on contact angle of probe solids, 

we can calculate the surface free energy of electrolyte.  
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Fig. 30. Contact angle with reference liquids on Al2O3 
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Table.7. Surface free energy and its dispersive, polar, Lewis acid and base components 

for Al2O3 with the vOCG equation. 
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Fig. 31. Contact angle with reference liquids on PS 

 

 

Table.8. Surface free energy and its dispersive, polar, Lewis acid and base components 

for PS with the vOCG equation. 
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Diiodomethane Formamide Water
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Fig. 32. Contact angle with reference liquids on wafer 

 

 

Table.9. Surface free energy and its dispersive, polar, Lewis acid and base components 

for wafer with the vOCG equation. 
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3.2 The surface free energy calculation of propylene carbonate and dimethyl sulfoxide 

Based on contact angle of probe solids, we calculate the surface free energy of propylene 

carbonate. Fig. 33 show that the contact angle of propylene carbonate were displayed on ref-

erence materials such as Al2O3, Polystyrene (PS) and Wafer (Si-111). Due to we know the 

surface free energy of probe solids, we can calculate propylene carbonate. Table 10-12 show 

that the surface free energy of PC by using two probe solids such as PS and Wafer or Wafer, 

Al2O3 or . Al2O3 and PS. 
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Fig. 33. Contact angle with reference liquids on propylene carbonate 
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Table 10. Surface free energy of PC by using 2 probe solids (PS, Wafer) 

 

 
Table 11. Surface free energy of PC by using 2 probe solids (Wafer, Al2O3) 

 
 

 
Table 12. Surface free energy of PC by using 2 probe solids (PS, Al2O3) 

 

Based on contact angle of probe solids, we calculate the surface free energy of propylene 

carbonate. Fig. 33 show that the contact angle of propylene carbonate were displayed on ref-

erence materials such as Al2O3, Polystyrene (PS) and Wafer (Si-111). Due to we know the 

surface free energy of probe solids, we can calculate propylene carbonate. Table 10-12 show 

that the surface free energy of PC by using two probe solids such as PS and Wafer or Wafer, 

Al2O3 or . Al2O3 and PS. 
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Fig. 34. Contact angle with reference liquids on dimethyl sulfoxide (DMSO) 

 

Fig. 34 shows that the contact angle of dimethyl sulfoxide (DMSO) were displayed on ref-

erence materials such as Al2O3, Polystyrene (PS), Polytetrafluorethylene (PTFE) and Wafer 

(Si-111). Because we know the surface free energy of probe solids, we can calculate dimethyl 

sulfoxide (DMSO). Already we know surface free energy of dimethyl sulfoxide(DMSO)[37], 

we calculate it again. We get almost similar value about surface free energy. Table 13 shows 

that the surface free energy of DMSO by using two probe solids such as PTFE and Wafer. 
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Table 13. Surface free energy of dimethyl sulfoxide(DMSO) by using 2 probe solids 

(PTFE, Wafer) 

 

 
 

4. Conclusions 

 When calculating the surface free energy of probe solids such as Al2O3, Polystyrene (PS) 

and Wafer(Si-111), we can get surface free energy of battery electrolyte. To analyze the sur-

face free energy of PC, we used Al2O3, Polystyrene (PS) and Wafer (Si-111). We confirmed 

that adequate surface free energy of PC by using 2 probe solids. However, to calculate the 

more precise surface free energy of battery electrolyte, we need more and adequate probe sol-

ids. Also, retain accuracy of contact angle is important because it is sensitive to humidity and 

temperature.   
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요 약 문 

금속 용출에 관한 전해액 구성에 대한 영향과  

표면자유에너지와의 관계 

 
리튬이차전지 양극재 중의 LiMn2O4 (이하 LMO)는 가격 경쟁력과 환경에 무해하다는 장점으로 

활발히 사용되고 있다. 그러나 망간 용출 현상 때문에 셀 수명이 저하되는 단점이 있어 이를 

극복하고자 많은 연구들이 진행되어왔다. 하지만 LMO 와 전해액 계면에 관하여 주목하고 그에 

대한 kinetics 와 전해액 조성에 관한 영향을 연구하였다. 실험은 LMO 전극을 전해액에 다양한 

온도에 대하여 용출시켜 보존하고, 일정 시간이 지난 후 전해액에 용출된 망간을 Atomic ab-

sorption spectroscopy (AAS)로 분석하였다. 그 결과, 전해액 조성 중 EC의 함량이 높아질수록 

용출 반응 속도 상수 증가하며 망간 용출이 악화되었다. 또한 LMO 전극에서 Mn 의 용출은 prod-

uct layer 를 통한 diffusion 에 의해 발생 하였다. 결국 EC 함량이 높을수록 전극과 전해액 

계면에서 용출의 활성화 에너지는 감소하였다.  

 고용량, 고전압 이차전지의 사용을 위해 삼성분계 양극재인 LiNi0.6Co0.2Mn0.2O2 많이 사용이 

된다. 보통 용출 현상을 실험하기 위해서는 ICP 혹은 ASS 를 이용하여 측정되는데, 최소 일 

주일에서 길게는 수주의 시간이 필요하다. 본 연구에서는 삼성분계 양극재의 표면자유에너지를 

측정함으로써 단시간에 측정하며 직접적인 용출특성을 예측할 수 있었다. Adsorption 방식으로 

접촉각을 측정하여 표면자유에너지를 계산하였다. 금속용출에는 Total, Acid 표면자유에너지가 

주도적으로 영향을 미치는 것을 상관관계를 통하여 확인 할 수 있었다.  

 

 

핵심어: 금속용출, 표면자유에너지, LiMn2O4, LiNi0.6Co0.2Mn0.2O2, 전해액,  
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