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Abstract

Control of thermodynamic affinity

between CNT-based electrode and electrolyte

for lithium-air battery

Byeon, Minhoo

Department of Material Science and Engineering

The Graduate School

Seoul National University

Lithium-air batteries have been intensely researched for its super high 

theoretical energy density of 3500 Wh kg-1, which is even comparable to 

that of gasoline. Because the cathode of lithium-air battery needs high 

surface area, high electrical conductivity and chemical stability, carbon 

nanotubes have been one of the most widely used cathode materials. 

However, due to their hydrophobic surface nature and high van der Waals 

interaction between their walls, they tend to aggregates and show lack of 

wettability with electrolyte and as a result, the cell performance deceases. In 

order to overcome this problem, many methods of surface modification have 

been suggested, such as, covalent functionalization and non-covalent 



adsorption. However, such covalent functional groups or non-covalent

surfactants could be easily attacked by superoxide radicals, limiting the 

cycle stability of Li–air batteries. Therefore, it came to our interest that, in 

order to show high performance in small electrolyte condition, the CNT-

based electrode that has not only high wettability with electrolyte by surface 

modification, but also chemical stability by shielding with bigger stable 

molecule.

In this research, we prepared 3,5-bis(trifluoromethyl)phenylmaleimide 

functionalized CNT films for the cathode of lithium-air batteries. The 

maleimide group increases the wettability between electrode and electrolyte

by modification of solubility parameter of CNT and the 3,5-

bis(trifluoromethyl)phenyl group protects the maleimide group from 

decomposition. The resulting materials delivered a high capacity and cycle 

stability as a cathode material in small electrolyte condition. Consequently, 

this research can provide straightforward strategies to commercialize the 

lithium-air battery.

Keywords : Lithium-air battery, Carbon nanotube, functionalization, 

wettability, electrochemical performance.



Contents

Abstract

Contents

List of Tables

List of Figures

1. Introduction

1.1 Introduction of lithium-air battery

1.1.1 High theoretical energy density of lithium–air battery

1.1.2 CNT as a cathode material of lithium-air battery

1.1.3 State of the arts

1.2 The strategy and aim

1.2.1 Control of solubility parameter

1.2.2 Increase of chemical stability 

1.2.3 The strategy and aim of this research

2. Experimental

2.1 Preparation of CNT electrodes

2.1.1 Materials

2.1.2 Spinning the CNT webs



2.1.3 Functionalization of CNT film

2.2 Characterization of functionalized CNT web lithium-air battery

2.2.1 Physicochemical analysis of CNT-based electrodes

2.2.2 Electrochemical measurements

3. Results and Discussion

3.1 Physicochemical analysis of pristine CNT film

3.1.1 Physicochemical analysis of pristine CNT film

3.2 Physicochemical and electrochemical analysis of CNT, M-CNT and F-

CNT

3.2.1 Verification of functionalization of CNT, M-CNT and F-CNT

3.2.2 Surface chemical nature of CNT, M-CNT and F-CNT

3.2.3 Electrochemical performance of CNT, M-CNT and F-CNT

4. Conclusion

5. Reference



List of Tables

Table 1. HSPs of Maleimide and 3,5-bis(trifluoromethyl)phenyl maleimide 

calculated by group contribution theory

Table 2. Elemental contents calculated from the XPS of CNT, M-CNT and 

F-CNT

Table 3. Solubility parameter of of CNT, M-CNT and F-CNT (unit : MPa1/2)

Table 4. Contact angle and work of adhesion of CNT, M-CNT and F-CNT

Table 5. Electrochemical performance of CNT, M-CNT and F-CNT



List of Figures

Figure 1. (a) Behavior of lithium-air battery (b) Energy density of various 

battery systems

Figure 2. Carbon nanotube (CNT)s as a cathode of lithium-air battery

Figure 3. (a) Ideal situation of electrode and electrolyte (b) possible situation 

of electrode and electrolyte

Figure 4. Fabrication of CNT films by Floating catalyst chemical vapor 

deposition

Figure 5. Reaction mechanism of (a) 3,5-

bis(trifluoromethyl)phenylmaleimide functionalized CNT and 

(b) maleimide functionalized CNT 

Figure 6. (a) TEM image and (b) TGA graph of CNT

Figure 7. (a) Raman spectra and (b) XPS C1s spectra of CNT

Figure 8. XPS spectrum : (a) The ratio of sp2/sp3 bonding from C1s, (b) 

N1s and (c) F1s spectra 

Figure 9. (a) TGA and (b) TEM of CNT, M-CNT and F-CNT

Figure 10. Plot of solubility parameter distance of CNT, M-CNT and F-CNT

Figure 11. Contact angle of (a) CNT, (b) M-CNT and (c) F-CNT

Figure 12. Cyclic voltametry of CNT, M-CNT and F-CNT. (a) with 1:10 

electrolyte and (b) with 1:2.5 electrolyte condition



Figure 13. First cycle voltage profile of CNT, M-CNT and F-CNT. (a) with 

1:10 electrolyte and (b) with 1:2.5 electrolyte condition

Figure 14. (a) Cycle stability of CNT, M-CNT and F-CNT with 100 Wh kg-1

cutoff (b) voltage profile with small electrolyte of (b) CNT and 

(c) F-CNT for 25 cycles

Figure 15. In situ DEMS analyses during 1st charging at (a) CNT, (b) M-

CNT, and (c) F-CNT cathodes. (d) Ratio of gas evolution



1. Introduction

1.1 Introduction of lithium-air battery

1.1.1 High theoretical energy density of lithium–air battery

Growing environmental concerns and increasing demand for energy have 

stimulated extensive interest in electrical energy storage, lithium-air

batteries have recently emerged as a next-generation high capacity batteries

(1, 2). Lithium-air Batteries use oxygen as active material of cathode. The 

main reaction of lithium-air battery can be described as the following 

equation :

2Li+ + 2e- + O2 ↔ Li2O2↓, E
0

OCV = 2.96 V

During discharge, two lithium ion one oxygen molecule react to form 

lithium peroxide and the lithium peroxide deposits on the electrode. During 

charge, the lithium peroxide decomposes and oxygen is evolved. Therefore, 

calculating the theoretical energy density through the following equation :

������
� =

|������
� |

2��� +���

The theoretical energy density is about 3500 Wh kg-1, nearly 8 times higher 



than that of commercial Li-ion batteries and even comparable to that of 

gasoline, which may be capable of providing enough energy storage 

capability for electric vehicles to drive more than 500 miles per charge.

Figure 1. (a) Behavior of lithium-air battery (b) Energy density of various 

battery systems



1.1.2 CNT as a cathode material of lithium-air battery

Figure 2. Carbon nanotube(CNT)s as a cathode of lithium-air battery

Since the capacity of lithium-air batteries depends on how much discharge 

products are stored in the cathode, it can be said that the cathode material 

should have high specific surface area to show the high capacity. In addition, 

the cathode material should be chemically stable to endure nucleophilic 

attack of superoxide radical during discharge. At this point, carbon 

nanotubes(CNTs) can be one of the most appropriate material for lithium-air 

battery cathode (3-5). CNTs are kind of cylindrical structured carbon 

allotropes. CNTs show outstanding properties, such as high surface area, 

high electrical conductivity and high chemical stability, which are valuable 

for cathode of lithium-air battery. However, due to high van der Waals 

interaction between their walls, they tend to form bundles and aggregates.



And also their rigid and long structures make them difficult to disperse in 

electrolyte and utilize their full surface area (6, 7). Although it does not 

matter when the electrolyte is excessive, it may result in reduced capacity of 

the electrode when the electrolyte is small, with agglomerating themselves. 

To solve this problem, the affinity between electrode and electrolyte need to 

be increased. 

Figure 3. (a) Ideal situation of electrode and electrolyte (b) possible 

situation of electrode and electrolyte



1.1.3 State of the arts

To solve this problem researchers have wanted to enhance polarity of CNT 

surface by surface modification. Generally, there are two ways to modify 

CNT surface to have polarity : First, introduction of hydrophilic functional 

group such as oxygen or nitrogen group onto CNTs (8, 9). Second, 

adsorption of amphiphilic surfactant onto CNTs (10, 11). However, 

functional groups or organic surfactants can be easily attacked through 

nucleophilic reactions by superoxide radicals during the charge/discharge 

process, thus limiting the cycle stability of lithium-air battery. So, polar and 

stable functional group on CNTs is required to increase wettability of 

electrode and electrolyte and show high performance of lithium-air battery.



1.2 The strategy and aim

1.2.1 Control of solubility parameter

In general, the wettability between two materials is determined by how close the 

solubility parameter of the materials is. The most typical way to represent a 

solubility parameter is Hansen solubility parameter (HSP). The HSP, δ, can be 

calculated using a combination of the solubility parameter information for 

each examined probe molecule and the adsorption thermodynamic data for 

each examined probe molecule, as obtained from the IGC measurements 

(12). The HSP is divided into three different types of partial solubility parameters, 

dispersion, polar and hydrogen, which is related to the specific intermolecular 

interactions :

�� = ��
� + ��

� + ��
�

Where, d, p and h refer to the dispersion, polar and hydrogen-bonding interactions.

By using the solubility parameter of the substrate and the electrolyte solvent, the 

solubility parameter distance, R, can be obtained by means of the following 

expression :

R = �4(��,��� − ��,���)� + (��,��� − ��,���)� + (��,��� − ��,���)�



The solubility parameter distance provides a quantitative measurement of the 

degree of similarity between two materials. The solvent with a smaller value of R 

would form a more stable wettability. Therefore, In order to raise the wettability 

between electrodes and electrolyte, surface modification shall occur in the direction 

to make the solubility parameter of the electrodes and the electrodes similar.

Normally, the solubility parameter of CNTs is about ~20, ~7, ~4 MPa-1/2 for 

dispersion, polar and hydrogen part, respectively. And the solubility parameter of 

EMI+TFSI-, the representative ionic liquid electrolyte, which is also used for our 

research, is 17.8, 14.8, 12.1 MPa-1/2 for dispersion, polar and hydrogen part, 

respectively. So, to increase wettability between CNT and EMI+TFSI-, surface 

modification shall occur in the direction to decrease dispersion part and increase 

polar and hydrogen part.

So ‘Maleimide’ functional groups, which have similar solubility degree of 

solubility parameter with EMI+TFSI-, were used to functionalize our CNT

1.2.2 Increase of chemical stability

Steric hindrance is a way to decrease in reactivity resulting from the 

presence of bulky groups, such as alkyl chain, benzene group and etc., at the 

site of a reaction. Steric hindrance is commonly used as a way to kinetically

reduce the reaction rate such as SN2 nucleophilic reaction and so on. In this respect, 



the steric hindrance may also be used to interfere with the nucleophilic attack of 

superoxide radical in lithium-air batteries. Recently, Bryantsev et al. demonstrated 

that the stability of electrolyte against nucleophilic reaction can be enhanced 

by steric hindrance (13). Here, we used the steric hindrance to protect our 

surface modifying functional groups from superoxide radical to maintain 

their chemical stability.

What is important to select functional groups for steric hindrance is that functional 

groups intended for steric hindrance should also have a HSP that can adequately 

alter the surface characteristics of CNT, like the Maleimide. The solubility 

parameter of various derivatives of the Maleimide functional group was calculated

through A group contribution theory (14). The group contribution 

method in chemistry is a technique to estimate and predict thermodynamic 

and other properties from molecular structures. The group contribution 

method uses the principle that some simple aspects of the structures of 

chemical components are always the same in many different molecules. A 

large variety of characteristic groups ensure the prediction of HSPs for a 

broad series of organic compounds, including those having complex multi-

ring, heterocyclic, and aromatic structures.

In this case, the ‘Maleimide’ consists of two ACH, two >C=O and one NH 

so it has dispersion parameter of 16.7, polar parameter of 10.4 and hydrogen 



parameter of 12.9. On the other hand, ‘3,5-bis(trifluoromethyl)phenyl 

maleimide’, one of the derivatives of ‘Maleimide’, consists of five ACH, two 

>C=O, two, -CF3 and 1 ACN and it has dispersion parameter of 18.1, polar 

parameter of 4.1 and hydrogen parameter of 11.1. As a result, 3,5-

bis(trifluoromethyl)phenyl maleimide was selected for the bi-functional functional 

group because it has low dispersion term and high hydrogen term. Table 1 shows 

HSPs of Maleimide and 3,5-bis(trifluoromethyl)phenyl maleimide 

calculated by group contribution theory.

Table 1. HSPs of Maleimide and 3,5-bis(trifluoromethyl)phenyl maleimide 

calculated by group contribution theory



1.2.3 The strategy and aim of this research

In combination with these strategies, 3,5-bis(trifluoromethyl)phenyl

maleimide-functionalized CNT film were prepared by hydro thermal 

cycloaddition reaction using maleic anhydride and 3,5-

bis(trifluoromethyl)aniline as precursors and then employed as a binder-free 

oxygen electrode for non-aqueous lithium-air batteries. The ‘Maleimide’ 

group has a role of increasing the polarity of the CNTs, and the ‘3,5-

bis(trifluoromethyl)phenyl’ group has a role of stabilizing the Maleimide 

group by steric hindrance. Material characterizations show that the 

wettability between electrode and electrolyte has increased by 

functionalization. As a result, in the case of little electrolyte circumstance 

where the mass ratio between electrode and electrolyte is 1:2.5, the capacity 

and cycle performance of lithium air battery increased as the 

functionalization gets deeper.

In conclusion, we would like to provide a new guideline for 

commercialization of lithium air batteries by fabricating high performance 

lithium-air battery with low electrolyte circumstance.



2. Experimental

2.1 Preparation of CNT electrodes

2.1.1 Materials

Ferrocene, thiophene, maleimide (≥99.0%) and maleic anhydride (≥99.0%) 

were all purchased from Sigma Aldrich and used without further 

purification. 3,5-Bis(trifluoromethyl)aniline (≥98.0%) was purchased from 

Alfa Aesar. 1,2-Dichlorobenzene (DCB) and dimethylsulfoxide (DMSO)

were purchased from Daejung (Korea) and used as purchased.



2.1.2 Spinning the CNT webs

Figure 4. Fabrication of CNT films by Floating catalyst chemical vapor 

deposition

Free-standing CNT webs were prepared using a floating catalyst methods 

involving chemical vapor deposition (CVD) in a vertical furnace at 1200 °C. 

Ferrocene, thiophene, and methane were used as a catalyst precursor, 

promoter, and carbon source for CNT synthesis, respectively. CNTs are 

highly integrated into aerogel-like forms in a reactor. These aerogel forms 

can be continuously withdrawn from the reactor at the bottom without 

length limitations. The CNT film was prepared as an aerogel directly wound 

on a roller which moves from side to side.



2.1.3 Functionalization of CNT film

Figure 5. Reaction mechanism of (a) 3,5-bis(trifluoromethyl)phenyl

maleimide functionalized CNT and (b) maleimide functionalized CNT

Hydrothermal cycloaddition reaction was used for the preparation of 

functionalized CNT film. For F-CNT, which means 3,5-

bis(trifluoromethyl)phenyl maleimide functionalized CNT, 0.6376 g of 

Maleic anhydride and 1.482 g of 3,5-Bis(trifluoromethyl)aniline were 

dissolved in a solvent that consists of 65 mL of DCB and 65 mL of DMSO

to make the concentration of 50 mM each. For M-CNT, which means 

maleimide functionalized CNT, 0.6309 g of Maleimide was dissolved in the 

same solvent. Then, as-prepared CNT web was soaked into the solution. 

This reaction mixture is heated in a Teflon-lined stainless-steel autoclave at 

180 °C for 24 hours. The obtained fluorinated CNT web was then washed 

with acetone for 20 min and finally vacuum-dried at 120 ℃ for 2 hours.



2.2 Characterization of fluorinated CNT web lithium-air battery

2.2.1 Physicochemical analysis of CNT-based electrodes

Scanning electron microscopy (SEM; ZEISS MERLIN Compact), and high-

resolution transmission electron microscopy (HRTEM; Tecnai F20) were 

employed to analyze the morphology of the products. The surface chemical 

properties were examined by X-ray photoelectron spectroscopy (XPS; 

AXIS-His, KRATOS). Thermogravimetric analysis (TGA, SDT Q600, TA 

Instruments Korea) was utilized as an additional basis for functionalization. 

Raman spectroscopy (RAMANplus, Nanophoton) with a 532 nm laser also 

was used to determine the crystallinity of the CNTs. The powder X-ray 

diffraction (XRD) profile was recorded using a Bruker D8 Advance 

diffractometer equipped with nickel filtered Cu Kα radiation (λ = 0.154 nm)

over the 2θ range, 10–70º. Raman spectroscopy was performed using a 

confocal laser at a wavelength of 532 nm (Raman plus, Nanophoton). 

Contact angle measurement was carried with four different solvents 

(ethylene glycol, dimethyl sulfoxide, diiodomethane, EMI+TFSI-) for three 

times each. IGC chromatograms were recorded using a Clarus 600 gas 

chromatograph (Perkin Elmer, USA) equipped with a thermal conductivity 

detector (TCD).



2.2.2 Electrochemical measurements

As-prepared fluorinated CNT webs were used as free-standing working 

electrode of lithium air battery. The loading mass of active materials on each 

current collector was 0.4-0.5 mg, and area was 1.0 cm2. Lithium metal was 

used as the reference electrode and counter electrode. 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) was used as a membrane. The electrolyte was 

composed of a lithium hexafluorophosphate (0.5 M, LiPF6) salt solution in

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMI+TFSI-). The electrochemical performance was evaluated over the 

voltage range of 2.2-4.3 V versus Li/Li+ using a battery cycler (WBCS3000, 

WonATech). All the cells were assembled in a glovebox and operated in an 

O2 atmosphere (770 Torr). Each cell was relaxed for 1 h in an O2

atmosphere before testing to ensure cell stabilization. All battery tests was 

conducted with the current of 0.24 mA. In situ gas detection spectroscopy 

was used to analyze the gases evolving from the lithium-air cell during 

charging. The in situ DEMS system was composed of a mass spectrometer 

(MS; HPR-20, Hiden Analytical, U.K.) and the potentio-galvanostat



3. Results & Discussion

3.1 Physicochemical analysis of pristine CNT film

3.1.1 Physicochemical analysis of pristine CNT film

First of all, we conducted a basic analysis of the CNT film, which is 

fabricated by FCCVD method. Figure 6(a) shows macroscopic and TEM 

image of as-prepared CNT film. In that, Large-scale doubled-walled CNT

(DWCNT) film with a diameter of 6 nm can be clearly observed. One of the 

benefits of the FCCVD method is the ability to mass produce uniform wall-

numbered CNT, so we were able to compose even-sized films that were entirely 

DWCNT. In addition, the TGA analysis found a rapid mass decrease around 600 

degrees Celsius with air atmosphere. This is a typical TGA graph of DWCNT, 

which indirectly proves that DWCNT is synthesized (15).



Figure 6. (a) TEM image and (b) TGA graph of CNT



As shown in Figure 7, Raman and XPS analyses were utilized for confirming 

the as-prepared CNT film. The Raman spectra of CNTs have two peaks. The 

D-band at 1349 cm−1 originates from elastic scattering caused by defects in 

the CNT framework (sp3-hybridized carbon), and the G-band at 1571 cm−1

is associated with the sp2-hybridized carbon (16). Therefore, the intensity 

ratio between the D-band and G-band (ID/IG) is related to the amount of sp3-

hybridized carbon in the CNT framework and yields direct information 

about the crystallinity of the CNTs. In this case, the ID/IG ratio is 0.06 ± 0.01. 

This means that the DWCNT is highly crystalline. The surface chemical nature

of the CNTs was also confirmed by XPS. Figure 7(b) shows the 

deconvoluted C1s XPS peak of CNT. The C1s spectrum of CNT suggests 

the presence of four characteristic peaks: C-C (284.6 eV), C-N (285.7 eV), 

C=O (288.1 eV) and C-O (286.8 eV) (16). The sp2/sp3 ratio from XPS spectra 

is showing that 70 % of carbon has sp2 coupling. 

As a result, the analysis clearly suggested that the high crystalline double-walled 

CNT was synthesized.



Figure 7. (a) Raman spectra and (b) XPS C1s spectra of CNT



3.2 Physicochemical and electrochemical analysis of CNT, M-

CNT and F-CNT

3.2.1 Verification of functionalization of CNT, M-CNT and F-CNT

Then, we compared CNT, M-CNT and F-CNT to check that which one would 

show the best performance as a cathode of lithium-air battery.

The surface chemical property of three electrodes was confirmed by XPS

measurements. Figure 8 and Table 1 shows the XPS analysis of CNT, M-

CNT and F-CNT, respectively. First, how the ratio of sp2 and sp3 coupling 

of the carbon has changed according to functionalization was calculated. 

With functionalization, sp2 was decreased while sp3 was increased. This can 

be attributed to the transformation of sp2 bonds into sp3 bonds as chemical 

reactions of carbon. Also, for M-CNT and F-CNT, peaks were detected at 

399 and 401 eV in the deconvoluted N1s XPS, which are assigned to

pyridinic nitrogen and pyrrolic nitrogen. In addition, for F-CNT, a peak was 

detected at 689 eV. The peak at 689 eV is assigned to covalent fluorine (17, 

18). Therefore, it is possible to verify that functionalization has been 

progressed for M-CNT and F-CNT.



Figure 8. XPS spectrum : (a) The ratio of sp2/sp3 bonding from C1s, (b) 

N1s and (c) F1s spectra 

Table 2. Elemental contents calculated from the XPS of CNT, M-CNT and 

F-CNT



In Figure 9(a), Thermogravimetric analysis (TGA) was conducted to further 

confirm functionalization. The M-CNT and F-CNT showed a mass 

reduction of 6 and 14 %, respectively, while the pristine CNT did not.

According to some preceding studies, Imide derivative functional groups get 

decomposed at approximately 300 and 500 ℃, suggesting that the 

reduction in mass produced in this experiment also indirectly indicates that 

the functionalization was done on the CNTs (19). Based on the mass 

reduction, the degree of reaction could be calculated as 6 mmol/molcarbon for 

both M-CNT and F-CNT.

In addition, surface morphology of CNT and F-CNT were examined by 

transmission electron microscopy (TEM). As shown in Figure 9(b), pristine 

CNT sample has clean surface with two distinct walls. On the other hand, in 

Figure 9(c), few nanometers of organic material is formed on the surface of 

F-CNT, indicating functionalization was conducted (20).

As a result, it is possible to confirm that the functionalization has been 

progressed, as proved by an XPS, TGA and TEM analysis.



Figure 9. (a) TGA and (b) TEM of CNT, M-CNT and F-CNT



3.2.2 Surface chemical nature of CNT, M-CNT and F-CNT

Next, to investigate how such functionalization affects the surface chemical nature 

of electrodes, inverse gas chromatography (IGC) was conducted. The solubility 

parameter of each sample was indicated in Figure 10 and Table 2. The dispersion 

solubility parameters are 19.4, 19.0 and 18.0, for CNT, M-CNT and F-CNT, 

respectively. The polar solubility parameters are 3.4, 3.45 and 3.5, for CNT, M-

CNT and F-CNT, respectively. The hydrogen solubility parameters are 0.2, 0.98

and 1.6, for CNT, M-CNT and F-CNT, respectively. As a result of functionalization, 

the dispersion parameter decreases and the polar parameter and hydrogen 

parameter increases. 

The solubility distance was obtained by comparing these values to the solubility 

parameter of EMI+TFSI-, each having a value of 16.8, 15.5 and 15.4, for CNT, M-

CNT and F-CNT, respectively. The better two substances mix, the smaller the 

value of this R, thus ensuring that the M-CNT and F-CNT sample are better mixed 

with the electrolyte than the pristine CNT.

In the case of composite, the HSP of the whole solution can be calculated from the 

volume ratio of each element, so the HSP of M-CNT and F-CMT can be calculated 

through such means. As listed in Table 3, it can be considered that the measured 

HSP is reliable, since the calculated values are similar to experimental values.



Figure 10. Plot of solubility parameter of CNT, M-CNT and F-CNT

Table 3. Solubility parameter of CNT, M-CNT and F-CNT (unit : MPa1/2)



In addition, the contact angle measurement was performed to further

determine whether the affinity between the electrodes and the electrolyte 

was increased by functionalization. Contact angle measurement is based on 

two fundamental equations which describe interactions between solid 

surfaces and liquids. These equations are as follows:

Young’s equation �� = ��� + �� cos�

Where �� = overall surface tension of the wetting liquid, �� = overall 

surface energy of the solid, ��� = the interfacial tension between the solid 

and the liquid, and θ = the contact angle between the liquid and the solid.

Young-Dupre equation of adhesion energy

��� = �� + �� − ��� = ��(1 + cos�)

Where I
SL 

= energy of adhesion per unit area between a liquid and a solid 

surface (21, 22).

As shown in Figure 11 and Table 3, the electrolyte contact angle for CNT, M-CNT 

and F-CNT is about 40.0 degrees, 35.3 degrees and 35.0 degrees, respectively. This 

means that the affinity of electrodes and electrolytes has increased in M-CNT and 

F-CNT. In order to confirm this more quantitatively, the work of adhesion was 

calculated using Young-Dupre equation. Work of adhesion means the energy 



required to separate two adjacent phases. The increased work of adhesion is meant 

to require greater energy to separate the two phases. In this case, the work of 

adhesion is about 61, 64 and 63 mJ m-2 for CNT, M-CNT and F-CNT respectively, 

so that it is difficult to separate electrodes and electrolytes as functionalization

done.

Figure 11. Contact angle of (a) CNT, (b) M-CNT and (c) F-CNT with 

EMI+TFSI-

Table 4. Contact angle and work of adhesion of CNT, M-CNT and F-CNT



3.2.3 Electrochemical performance of CNT, M-CNT and F-CNT

So, let’s see how the increased affinity between electrodes and electrolyte 

affects the performance of the lithium-air battery. 

Figure 12 shows how the electrochemical surface area of batteries has been 

changed by functionalization. In general, the electric charge stored in the electric 

double layer can be calculated through the following equation :

C =
�����

�
= 	

∫ ���

2�∆��

Where εr is the electrolyte dielectric constant, ε0 is the permittivity of a 

vacuum, A is the electrode specific surface area, d is the effective thickness 

of the electric double layer (the Debye length) I is the current, V and ∆V are 

the potential and potential window, m is the mass of electrode material, v is 

the scan rate and ∆� is the discharge time. In this case, all the components 

except A and ∫ ��� is fixed, so it is known that specific surface area A is 

proportional to ∫ ���. Therefore, it is noteworthy that the increasing area of the 

rectangle indicates that the area of the electrochemical surface is also increasing

(23).

In excessive electrolyte condition, as shown in Figure 12(a), there is no 

significant difference in the electrochemical surface area in three samples.



This may be attributed to the fact that the electrolyte can fully fill the pore 

of electrode with excess amount of electrolyte. However, in small electrolytes 

condition where the weight ratio of electrode and electrolyte is 1:2.5, it is possible 

to verify that the electrochemical surface area increases as the functionalization

progresses. The ratio of the electrochemical surface area of CNT, M-CNT and F-

CNT is 1:3:3, respectively. It can be inferred that the electrolyte is evenly coating 

the functionalized electrodes, as the affinity between electrodes and electrolyte 

improves.

In Figure 13, the full capacity of the cells was measured to determine how the 

electrochemical surface area difference affected cell performance. In the case of an 

excessive electrolyte condition, there is no significant difference of the 

electrochemical surface via CV, and the result is that all the three samples exhibit a 

capacity of approximately 1900 mAh g-1 in the first cycle. On the other hand, in the 

case of a small quantity of electrolyte, it is possible to verify that the 

electrochemical surface increases as shown by the CV, and as a result, the capacity 

of CNT, M-CNT and F-CNT is increased to 1200, 1800 and 1800 mAh g-1

respectively. This result can be attributed to the functionalization, which makes 

the electrolyte evenly coat the electrode and therefore, efficiently use the surface 

area of electrode.



Figure 12. Cyclic voltametry of CNT, M-CNT and F-CNT. (a) with 1:10 

electrolyte and (b) with 1:2.5 electrolyte condition

Figure 13. First cycle voltage profile of CNT, M-CNT and F-CNT. (a) with 

1:10 electrolyte and (b) with 1:2.5 electrolyte condition



However, there were different results in the cycle stability test. The cycle stability 

test was conducted with 100 wh kg-1 cutoff. As shown in Figure 14, the capacity 

remained stable for a period of approximately 20, 10 and 32 cycles for CNT, M-

CNT and F-CNT, respectively. This can be ascribed that the maleimide functional 

group of M-CNT can act as a defect site to be decomposed by superoxide 

radical. On the other hand, in case of F-CNT, the 3,5-

bis(trifluoromethyl)phenyl group can protect the maleimide group from 

superoxide radical attack by sterically hindering the nucleophilic attack and 

distributing electric charge on carbon atom. And also, it can also have the 

effect of eliminating the defect from the CNT, as the functional groups were first 

introduced to the defect site of the CNT (24). As a result, it may be thought that 

cycle stability has increased.

In the voltage profile, it is possible to verify that the over-voltage increases and the 

capacity decreases during cycle for CNT, but in the case of F-CNT, it can be 

confirmed to be stable for 25 cycles. This can also be attributed to the increased 

stability of functional groups..



Figure 14. (a) Cycle stability of CNT, M-CNT and F-CNT with 100 Wh kg-

1 cutoff (b) voltage profile with small electrolyte of (b) CNT and (c) F-CNT 

for 25 cycles

Table 5. Electrochemical performance of CNT, M-CNT and F-CNT



To further verify the correlation between the functional group of CNTs and 

the cycle stability, the reactions occurring in each cell were probed using in 

situ DEMS analysis. Figure 15 presents the in situ DEMS results during the 

first charge of CNT, M-CNT, and F-CNT samples, respectively. The red 

and blue lines represent the evolution of O2 and CO2, respectively, along the 

charge voltage profile (gray). CO2 gas originates from electrolyte 

decomposition and the side reaction involving the air electrode. Although 

CO2 gas from electrolyte and the electrode cannot be distinguished, given 

that CO2 by electrolyte is constant for all three samples, the degree of 

decomposition of electrode can be determined by the difference in the 

amount of CO2 gas.

As demonstrated in Figure 15a and 15b, the DEMS profile for O2 evolution 

has a double-hill shape resembling an “M” in CNT and F-CNT samples. 

The characteristics of discharge products can be implied by the two hills of 

the oxygen evolution in DEMS analysis (25). While it has been suggested 

that Li2O2 can be formed by either solution-process or surface-reaction, 

which results in crystalline Li2O2 or amorphous Li2O2, respectively, the 

distinct charge transfer properties of the two may result in the two different 

potentials in the oxygen evolution. The ionic and electronic conductivities 

of amorphous Li2O2 were calculated to be ~10−7 and ~10−16 S/cm, 



respectively. On the other hand, the ionic and electronic conductivities of 

crystalline Li2O2 were calculated to be ~10−19 S/cm, which are relatively 

low for facile charge conduction. Considering the two different natures of 

Li2O2, it is considered that the amorphous Li2O2 is likely to contribute to the 

oxygen evolution in the first hill due to the more easy decomposition. 

Subsequently, more crystalline Li2O2 would be decomposed in a higher 

potential constituting the second hill. 

It is interesting to note that the first hill of the “M” was almost lost in M-

CNT, as observed in Figure 15c, and it appears that only the second hill was 

maintained. This finding may imply the change of the main discharge 

product and the loss of the defective Li2O2 discharge product, which is 

comparatively easy to charge. It is believed that, as the surface of the M-

CNT becomes decomposed, the deposition of the defective Li2O2 discharge 

product is significantly prohibited.

The ratio of O2 to CO2 from each samples are summarized in Figure 15d. In 

the case of M-CNT, the O2 ratio decreased significantly and the CO2 level 

increased, indicating that the irreversible side reaction was occurred because the 

functional group was vulnerable However, in case of F-CNT, the ratio of O2 has 

been increased. This would mean that the functional group of F-CNT has 



not been affected by oxygen radical due to its high stability.

Figure 15. In situ DEMS analyses during 1st charging at (a) CNT, (b) M-

CNT, and (c) F-CNT cathodes. (d) Ratio of gas evolution



4. Conclusion

In summary, we prepared 3,5-bis(trifluoromethyl)phenylmaleimide 

functionalized CNT films for the cathode of lithium-air batteries. The 

maleimide group increases the wettability between electrode and electrolyte 

and the 3,5-bis(trifluoromethyl)phenyl group protects the maleimide group 

from decomposition. This functionalized CNT resulted in a high affinity 

with electrolyte, which is important for lithium storage active sites. 

Therefore, the functionalized CNT can fully utilize the high surface area 

even though with small electrolyte condition. The resulting materials 

delivered a high capacity of 1800 mAh g-1 and 30 cycles with 100 Wh kg-1 

cutoff at 0.24 mA as an cathode material in small electrolyte condition. 

Consequently, this research can provide straightforward strategies to 

commercialize the lithium-air battery.
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국문초록

리튬-공기 전지는 약 3500 Wh kg-1의 높은 이론 에너지 밀도로

인해 차세대 전지로 많은 연구가 진행되고 있다. 이러한 리튬-공

기 전지의 성능은 방전 산물을 저장하는 양극재의 성질에 따라 크

게 달라질 수 있다. 다양한 리튬-공기 전지의 양극 물질 중에서도, 

탄소 나노튜브는 넓은 비표면적, 높은 전기전도도 및 뛰어난 화학

안정성 때문에 리튬-공기 전지의 양극재로 가장 유력하게 사용되

고 있는 재료이다. 그러나 이러한 탄소 나노튜브는 강한 소수성을

띄고 있는 표면 특성과 자신들 간의 강한 반 데르 발스 힘에 의해

자기들끼리 뭉쳐버리고 전해질과의 습윤도가 낮아지게 되어 결과

적으로 리튬-공기 전지의 성능마저 저하시키게 된다. 이러한 문제

를 해결하기 위해 연구자들은 탄소 나노튜브에 이종 원소를 도입

하거나 계면활성제를 이용하여 탄소 나노튜브의 표면특성을 조절

하려는 시도를 하였다. 그러나 그러한 이종 원소나 유기 계면활성

제는 리튬-공기 전지의 방전 과정에 관여하는 초과산화 라디칼에

의해 분해가 되어 전지의 사이클 특성을 감소시키는 결과가 나타

날 수 있는 한계점을 가지고 있다. 우리는 이러한 한계를 극복하



기 위해서, 탄소 나노튜브의 표면 특성을 친수성으로 변화시키면

서도 몸집이 큰 분자를 통한 가림 효과를 이용하여 화학적 안정성

을 높일 수 있는 작용기를 도입하여, 탄소 나노튜브 전극을 사용

한 리튬-공기 전기가 소량 전해질 조건에서도 높은 용량과 안정

성을 갖도록 하고자 하였다.

본 실험에서는 3,5-bis(trifluoromethyl)phenylmaleimide 작용

기를 도입한 탄소 나노튜브 박막을 합성하여 리튬-공기 전지의

양극으로 활용하였다. 도입된 작용기에서 maleimide 부분은 전극

과 전해질간의 습윤도를 높이는 역할을 하고 3,5-

bis(trifluoromethyl) 부분은 그러한 maleimide의 안정성을 높여

주는 역할을 한다. 그 결과, 리튬-공기 전지는 소량 전해질 조건

에서도 높은 용량이 유지되고 높은 안정성을 나타내었다. 이를 통

해 리튬-공기 전지를 상용화하기 위한 새로운 방향을 제시할 수

있었다.

주요어 : 리튬-공기 전지, 탄소 나노튜브, 작용화, 습윤성, 전기화

학적 성능
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