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Chapter 1  Introduction 

1.1 Background and motivation 

The drying industry develops because of science and requires more specific and advanced 

materials, especially in manufacturing microelectronic chips and biological products. To obtain 

those materials, researchers have been searching for an alternative method for heat drying or 

evaporation drying in recent years due to its disadvantages in having surface tension and 

capillary stress causing the materials’ pores to collapse. Then, supercritical-assisted drying was 

introduced as a new method. Supercritical-assisted drying is a method that uses a fluid above 

its critical points, which is called a supercritical fluid [1,2]. The unique characteristic of this 

fluid is that it has both liquid and gas characteristics, where it has the density of a liquid, the 

viscosity of the gas, and the thermal conductivity and diffusion coefficient between gas and 

fluid [3]. Carbon dioxide is usually used in the actual application since it has a relatively low 

critical point. 

Moreover, supercritical carbon dioxide (scCO2) is known for its properties such as 

inertness, inflammability, non-toxicity, low cost, and availability in high purity [4].  Then, 

scCO2 is used in supercritical-assisted drying, which is proven superior in fabricating highly 

porous materials [5-7]. Even though many researchers stated the advantage of supercritical 

drying, only a few explanations of this method's mechanism and factors affecting the drying 

products are available.  

In today's energy field, Li-air batteries are expected to be alternative fuels in resolving the 

environmental challenges caused by fossil fuels because of their high potential energy 

compared to Li-ion batteries. Gasoline is told to have a theoretical energy density of 13,000 W 

h kg-1, while Li-air battery is 11,680 W h kg-1. However, the practical use of gasoline and Li-

air battery is still low compared to their theoretical value [8]. However, another research found 

that modifying the combination of gases for the battery affects its performance. For example, 

the gas supply combination of O2 and CO2, where the CO2 amount is 50 %, shows a high 

capacity of 6,750 mA h g-1 when supplying only O2 or CO2 shows a low discharge capacity [9].  

In the Li-air battery, the cathode is the most substantial part of the battery that can limit its 

performance. The battery fails primarily due to the cathode pores clogging by discharge 
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products, which prevents gas from entering the system; thus, the discharging could not continue. 

As a result, a cathode with high porosity is required to optimize battery performance [10, 11].  

Then, the combination of these pieces of information, a successful example of 

manufacturing a high-porosity carbon electrode using supercritical drying, was recently 

published. However, porous electrodes have been found to limit battery cyclability because 

discharged products might shatter the electrode pores due to their low mechanical strength. 

Although increasing the cathode's polymer content, which bonded carbon particles, could 

increase the cyclability, the discharge capacity fell [12]. Therefore, mechanical strength must 

be improved without increasing the polymer content.  

Besides acetylene carbon black, which was used in the previous research, other carbon 

types can be considered for the conductive material. Carbon nanostructures such as fullerenes, 

carbon nanotubes, and carbon nanofibers are chosen for many electrical applications due to 

their excellent electrical, thermal, and mechanical properties [13]. However, due to its easy 

production and low cost, carbon nanofiber is the best candidate for carbon black’s alternatives 

[14,15]. 

This research aims to understand the expansion behavior and homogeneous formation of 

solvent and scCO2 to manage the structure of porous materials. Additionally, the information 

of solvent and scCO2 behavior was applied in fabricating electrodes using the robust carbon 

nanofiber. Finally, optimize the carbon electrode fabrication with supercritical drying. 

1.2  The objective of this research 

This research is divided into two kinds of experiments; fundamental and applicative 

experiments. For the fundamental experiment, several solvents with scCO2 were explored 

under diverse supercritical fluid parameters such as pressurization rate, temperature, type of 

solvent, solvent quantity, and CO2 flow rate using a high-pressure cell with an observation 

window to understand its expansion behavior and homogeneous formation better.  

Then, for the applicative experiment, carbon aerogels were fabricated by utilizing 

supercritical drying with varied solvent compositions and drying temperatures to evaluate the 

effect of drying parameters on aerogel structure. Moreover, carbon nanofiber is applied to the 

electrode instead of carbon black to investigate the effect of conductive material type on the 

battery performance.  
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Finally, an experiment using the results of fundamental and applicative experiments was 

conducted to obtain an optimized electrode for Li-air battery application.  

1.3 Contents of dissertation 

Chapter 1 discusses the research's background and motivation, followed by the objective 

of this research. Then comes a brief description of the dissertation's contents. 

Chapter 2 describes the fundamentals of Li-O2/CO2 batteries and supercritical fluid, 

including their recent application and research.  

Chapter 3 discusses the experiments and research for solvent expansion and homogeneous 

formation of organic solvent with scCO2. This section describes how the experiment was 

carried out utilizing a view cell apparatus and the research of solvent expansion and 

homogeneous formation under various supercritical fluid parameters such as pressurization rate, 

temperature, solvent type, solvent amount, and CO2 flow rate. 

Chapter 4 explains the experiment and investigation of electrode fabrication using scCO2 

drying and the effect of drying parameters on the battery morphology. The experiment was 

carried out as applicative experiment of chapter 3. Where, in chapter 3, the experiment only 

used organic solvent and CO2 while in this chapter, the actual electrode fabrication with various 

drying parameters were held. Drying parameters which were investigated in this chapter are 

solvent amount and drying temperature. Then, carbon nanofiber is used as an alternative to 

carbon black for electrode ingredients. It also explains the application of fabricated carbon 

nanofiber electrodes for Li-air batteries. 

Chapter 5 focuses on the experimental and investigation section for carbon nanofiber 

aerogel fabrication by scCO2 for electrode optimization from the results of Chapter 3 and 

Chapter 4. The investigation includes morphology, porosity measurement, and battery 

performance.  

Chapter 6 will summarize all results of this research and the direction of possible future 

works. 
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Chapter 2  Literature Review 

2.1 Supercritical fluid 

2.1.1 Supercritical carbon dioxide and its characteristic 

A supercritical fluid exists at pressures and temperatures exceeding its critical point. Its 

unusual features, the combination of liquid and gas phases shown in Table 2.1, make it widely 

used. These properties can be controlled by changing pressure and temperature. Carbon dioxide 

is the most used compound in a supercritical state because of its inertness, inflammability, non-

toxicity, low cost, and availability in high purity, and it has a low critical point which is easier 

to handle. It reaches a critical state above 31.1 °C and 7.38 MPa [1, 2]. 

There are many applications of supercritical fluid. For example, supercritical fluid can 

extract compounds for food [3] and the oil industry [4] because of its high solubility with 

hydrophobic compounds. Furthermore, in the pharmaceutical field, active pharmaceutical 

ingredients (APIs) alone or combined with various biodegradable polymers are recrystallized 

with supercritical fluid to improve their physical qualities, such as bioavailability [5]. Also, a 

supercritical fluid is used as an anti-solvent to produce 3D materials [6] and nanoparticles [7, 

8] by a supercritical drying process.  

2.1.2 Supercritical carbon dioxide drying 

The drying process is mainly separated into three types: evaporation, freeze, and 

supercritical, and the products are called xerogel, cryogel, and aerogel, respectively. In 

conventional drying, evaporation drying is the simplest because it requires heating only. 

However, because it requires high temperatures and a long time to remove the solvent, it uses 

much energy and time, which is inefficient. Moreover, the probability of getting a highly 

porous material is less because surface tension and capillary stress in evaporation drying 

damage the pores [9, 10].  

In modern drying methods, freeze-drying and supercritical drying are introduced. Freeze-

drying is a method where the solvent is frozen and sublimated. This method can retain the 

material’s pores; however, the pores are mainly macroporous and irregular. In the case of 

supercritical drying, because supercritical fluid and organic solvent will form a homogenous 

phase, the surface tension and capillary stress will not damage the pores. Furthermore, by using 
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scCO2 as the supercritical fluid, drying can be done at a moderate temperature and pressure. 

Thus, a highly porous material can be obtained [11].  

Huang et al. explain in their paper that drying DMAC from poly(vinylidene fluoride) or 

PVDF at varied operating temperatures and pressures results in varying porosity, as seen in 

Figure 2.1. Higher temperature results in slightly low porosity, while higher pressure results in 

slightly higher porosity [12]. Another study on highly porous carbon electrodes made with 

supercritical drying found that high pressure led to more significant porosity [13]. These 

findings indicate that supercritical drying parameters are vital to control a material's porosity. 

Examples of porous materials fabricated by supercritical drying are shown in Table 2.2. 

2.2 Li-air battery 

The Li-air battery is expected to be a fossil fuel alternative to tackle environmental 

problems due to fossil fuel because of its high potential energy compared to Li-ion batteries, 

and oxidation of 1 kg lithium releases 11,680 W h kg-1, which is comparable with gasoline. 

However, although Li-air battery is expected to become a fossil fuel substitute, there are 

challenges in improving the anode, air cathode, and electrolyte to meet the expectation [24].  

Products are deposited inside the pores of the air cathode as a result of the discharge 

reaction. The gas that needs to enter the battery system is obstructed due to this deposition, 

limiting battery performance. According to certain studies, an air cathode's pore volume, 

porosity, and thickness are required to create places for the reaction products to deposit. 

Therefore, a high porosity air cathode with large pores is necessary to boost battery 

performance [25, 26]. The illustration of the clogged cathode and the ideal cathode is shown in 

Figure 2.1. 

In research by Takechi et al., a Li-air battery using an O2 and CO2 mixture with a CO2 

ratio of 50 % can improve the battery's capacity three times higher than a Li-air battery using 

pure CO2. However, although it has high battery capacity because the discharge reaction 

produces Li2CO3, which is difficult to decompose, Li-O2/CO2 battery is told to be suitable as a 

primary battery that is supposed to be used once and then discarded [27]. 

The other report explains that Li-O2/CO2 (1:1) using DME and DMSO-based electrolytes 

can be recharged. Because, Li2CO3, which is the main product of the discharge reaction, did 

not appear after charging [28]. In addition, some air cathode research was conducted to increase 

battery performance; some of the research is summarized in Table 2.3.  
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Table 2.1 Gas, Supercritical, and liquid properties  

 Density (g cm-3) Diffusion (cm2 s-1) Viscosity (g cm-1·s-1) 

Gas  10-3 10-1 10-4 

Supercritical 10-1 to 1 

Liquid like 

10-4 to 10-3 

Liquid like 

10-4 to 10-3 

Gas like 

Liquid 1 <10-5 10-2 
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Table 2.2 Porous materials fabricated by scCO2 drying 

Materials Precursor solution Drying 

condition 

Application Ref. 

RuO2-loaded 

PVDF HFP 

aerogels 

PVDF HFP/acetone/ethanol 

solution  

200 bar 

35  ºC 

Supercapacitor [14] 

Agar aerogel Agar/water gel undergone 

solvent exchange with ethanol 

10 MPa  

313 K 

Pharmaceutical [15] 

β-chitin aerogel β-chitin/water gel undergone 

solvent exchange with 2-

propanol 

10 MPa 

60 ºC 

Biotechnology [16] 

Porous silicon  Silicon/ethanol 100 bar 

40 ºC 

N/A [17] 

Cellulose 

nanofibrils 

aerogel 

Cellulose nanofibrils in 

ethanol/water 

100 bar 

45 ºC 

Food, cosmetic, 

biomedical 

[18] 

Ag nanoparticle-

loaded cellulose 

nanofiber 

aerogels 

Carbon nanofibril hydrogel in 

ethanol 

20 MPa 

373 K 

Antibacterial and 

antifungal 

[19] 

Canola protein 

aerogels 

Canola seed meal treated with 

CaCl2, solvent exchange to 

ethanol 

N/A Biological 

applications 

[20] 

CMC-HEC 

aerogel 

Carboxymethylcellulose/ 

3-hydroxyethylcellulose 

hydrogel in ethanol 

200 bar 

45 ºC 

Hygiene, 

agriculture, 

pharmaceutical, 

and biomedical 

fields 

[21] 

Vitamin-loaded 

starch aerogel 

Starch hydrogel-vitamin loaded 

in ethanol 

20 MPa 

45 ºC 

Biomedical [22] 

MWCNT 

interconnected 

NiCo2O4 

aerogels 

Ni-Co precursor/MWCNT in 

DMF 

1000 psi 

14 ºC 

Ethanol fuel cell [23] 
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Figure 2.1 Illustration of the air-cathode problem and the ideal air-cathode 
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Table 2.3 Summary of Li-air battery research 

Cathode materials Electrolyte 

Max 

capacity 
Cyclability Ref. 

(mA h g-1) 

KB/PVDF on Ni meshed LiPF6 in DMSO 2300 21 cycles [28] 

KB/PTFE on stainless steel 

meshed 

LiCF3SO3 in 

TEGDME 
1800 

10 cycles 

(30 h/cycle) 
[29] 

Super P/PTFE on stainless 

steel meshed 
LiClO4 in DMSO 9750 

17 cycles 

(10 h/cycle) 
[30] 

KB/Bi-CoPc/PTFE on Nickel 

foam 

LiTFSI and Bi-

CoPc in TEGDME 
7000 

171 cycles 

(5 h/cycle) 
[31] 

Ru/N-doped carbon 

nanotube/PVDF on carbon 

paper 

LiTFSI in 

TEGDME 
12000 

190 cycles 

(5 h/cycle) 
[32] 

Macroporous-mesoporous 

carbon (MMC) from 

mesoporous SiO2 with NiO as 

the template 

LiNO3 in DMAc 2799 
55 cycles 

(5 h/cycle) 
[33] 

Cathode with 

mesoporous/macroporous 

Co3O4 ultrathin nanosheets 

LiTFSI in 

TEGDME 
11 882 

80 cycles 

(2.5 h/cycle) 
[34] 

Super P 
LiTFSI in 

[bmim][Tf2N] 
100 N/A [35] 

CNTs 
LiTFSI in 

TEGDME 
8379 

29 cycles 

(20 h/cycle) 
[36] 

3D NCNT/G 
LiTFSI in 

LiNO3/DMSO 
17534.1 

185 cycles 

(10 h/cycle) 
[37] 
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2.3 Carbon nanofiber 

Nowadays, many researchers are trying to invent renewable energy. However, most 

renewable energy needs large-scale energy storage and must be efficient, low cost, and 

environment friendly. Carbon-based electrodes are widely used for those energy storage 

devices due to their electrical quality, such as capacity, energy density, and power density [38].  

In the Li-air battery world, carbon is widely utilized for the cathode compartment, letting 

the gases enter the battery system, and the gases react with lithium-ion on the carbon surface. 

Carbon is used mainly because of its low cost but it has high conductivity and surface area [39]. 

Furthermore, there are carbon nanotubes and carbon nanofibers in various types of carbon, 

which are expected to be excellent material composites [40]. However, since carbon nanofiber 

is easier to produce and cheaper than carbon nanotube, it is expected to be in the front for 

electrochemical application.  
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Chapter 3  Investigation of organic solvent expansion under 

supercritical CO2 

3.1 Statement of problems and objectives 

Understanding solvent expansion behavior and homogeneous phase, as described in 

Chapter 1, are vital for controlling the structure of electrodes or materials via supercritical 

drying. In this part, several solvents with supercritical carbon dioxide under diverse parameters 

of supercritical fluid: pressurization rate, temperature, type of solvent, solvent quantity, and 

CO2 flow rate are examined. 

3.2  Experimental 

3.2.1 Materials 

Acetone (purity 99.0 %), 1-butanol (purity 99.0 %), ethanol (purity 99.5%), 1-Methyl-2-

pyrrolidone (NMP, with purity higher than 99.0 %), dimethyl sulfoxide (DMSO, with purity 

higher than 99.0 %), and o-xylene (purity higher than 98.0 %) were supplied from Wako Pure 

Chemical Industries, Ltd. Carbon dioxide (CO2) with the purity over 99.5 % was supplied by 

Fujii-Bussan Co., Ltd. The molecular structures of organic solvents are shown in Figure 3.1.  

3.2.2 Apparatus and procedure 

High pressure was utilized along with an examination window or view cell to study solvent 

expansion, where the apparatus is shown in Figure 3.2. First, the view cell was warmed to 

prevent sudden temperature rise when pressurization started. Then, a predetermined amount of 

the organic solvent described in Table 3.1 was added to a glass cell, installed in a view cell, 

and the view cell was tightly closed. The temperature of the view cell was fixed to 40 °C before 

the experiment began. For the temperature parameter experiment, in addition to 40 °C, the 

temperature was set to 60 and 80 °C.  

CO2 from a CO2 cylinder was delivered through a silica gel column and cooled down to 

form liquified CO2. The liquified CO2 was pumped into the cell until the pressure meter reading 

was 20 MPa. The examination of organic solvents and supercritical carbon dioxide was 

continued until it reached the homogeneous phase, and the whole process was captured with a 

video camera in a batch method. The experiment was carried out under various conditions 

displayed in Table 3.1.  
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For the CO2 flow rate parameter investigation, after the system reached 20 MPa, the 

control valve at the exit of the apparatus was opened to allow CO2 to flow out. A control valve 

controls the flow of CO2 while monitoring the flow meter. 

3.2.3 Analysis 

The time from the start of the experiment until the pressure hit 20 MPa was plotted against 

the expansion rate. The initial height of the solvent is given as ℎ0, the height of the solvent over 

time is given as ℎ, and the expansion rate is given as ℎ ℎ0⁄ . The experiment was then repeated 

with the variation of pressurization rates, solvent amounts, apparatus temperatures, solvent type, 

and  CO2 flow rate to investigate the effect on solvent expansion and homogeneous phase 

development.  



 19  

 

 

 

 

 

 

 

 

 

Figure 3.1 Solvent molecular  structure: a) acetone, b) 1-butanol, c) ethanol, and d) NMP  
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1. Liquefied carbon dioxide 2. Back pressure valve 

3. Condenser 4. Pump 

5. Heat coil 6. Pressure meter 

7. View-cell 8. Control valve 

9. Solvent trap  10. Flow meter 

11. Video camera C1-C2 Check valve 

V1-4 Stop valve R1-2 Ribbon heater 

Figure 3.2 Apparatus scheme for view cell experiment 
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Table 3.1 Experiment conditions for view cell experiment 

* Same data 

** Same data  

Solvent 
Quantity 

(mmol) 

Pressurization 

rate  

(MPa·min-1) 

Temperature 

(ºC) 

Average CO2 outlet 

flow rate 

(ml·min-1) 

flow rate 

(mol·min-1) 

Pressurization rate parameter 

NMP 7.6067 0.234 40 

Batch NMP 7.6435 0.513 40 

NMP* 7.6415 0.964 40 

Temperature parameter 

NMP* 7.6415 0.964 40 

Batch NMP 7.6405 1.34 60 

NMP 7.5779 1.67 80 

Ethanol  7.7209 1.12 40 

Batch Ethanol  7.5646 1.33 60 

Ethanol  7.6644 1.33 80 

Acetone 7.6687 1.32 40 

Batch Acetone 7.5826 1.32 60 

Acetone 7.5964 1.34 80 

Solvent type parameter 

NMP** 5.0207 1.34 40 

Batch 

Acetone 5.0740 1.35 40 

1-butanol 5.0567 1.66 40 

Ethanol 5.0901 1.34 40 

DMSO 5.0877 1.98 40 

o-xylene 5.0518 1.90 40 

Solvent amount parameter 

NMP 3.9120 1.70 40 

Batch 
NMP** 5.0207 1.34 40 

NMP* 7.6415 0.964 40 

NMP 9.8003 1.14 40 

Flow rate parameter 

NMP* 7.6415 0.964 40 Batch 

NMP 7.6112 1.33 40 96.21 3.90 x 10-3 

NMP 7.6092 1.55 40 146.6 5.94 x 10-3 

NMP 7.6516 1.55 40 200.3 8.12 x 10-3 
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3.3 Result and discussion 

3.3.1 Pressurization rate parameter 

Figure 3.3 depicts a video camera illustration for various pressurization speeds. The 

images indicate that scCO2 dissolves into the solvents in the first stage, causing the solvent 

volume to grow. When the solvent expands, the black and gray phases are visible. The black 

phase is the CO2-rich phase, while the gray phase is the CO2-low phase. The solvent height 

decreases after the expansion phase, which could be happened after the scCO2 amount entering 

the solvent reaches a saturation point. Thus, the solvent transfer to the supercritical scCO2 

phase is greater than the scCO2 transfer to the solvent phase. Finally, after some time, scCO2 

and solvent form a homogeneous phase where the border of solvent and scCO2 cannot be 

observed. Figure 3.4, Figure 3.5, and Figure 3.6 depict the expansion rate and pressure vs. time 

for slow, moderate, and rapid pressurization, respectively. According to the graph, faster 

pressurization leads to lower expansion and a faster transition to solvent and supercritical 

carbon dioxide. Because faster pressurization results in faster supercritical carbon dioxide 

intake than slower pressurization. 

3.3.2 Temperature parameter 

Figure 3.7 depicts a video camera image of NMP at various experiment temperatures. First, 

scCO2 dissolves into the solvent and expands it; at this point, the black and gray phases 

described in Section 3.3.1 occur. Then, scCO2 and NMP become homogeneous. Figure 3.6, 

Figure 3.8, and Figure 3.9 depict NMP expansion vs. time graphs at 40, 60, and 80 °C. The 

graphs illustrate that for NMP and scCO2, reaching the homogeneous phase takes longer at 

higher temperatures. However, the expansion does not change significantly, even at greater 

temperatures, where it occurs gradually over time. This event could happen because, at higher 

temperatures, scCO2 density decreases dramatically [1], and a low density reduces scCO2's 

capacity to dissolve into NMP and makes it take longer to have NMP saturated with scCO2 [2]. 

Figure 3.10 presents images of ethanol and scCO2 at various temperatures. Supercritical 

CO2 dissolves into ethanol and expands until scCO2 and ethanol become homogeneous, similar 

to NMP case. Figure 3.11, Figure 3.12, and Figure 3.13 show graphs of ethanol expansion and 

pressure rising versus time at 40, 60, and 80 °C. The duration to establish a homogeneous phase 

does not change considerably in this graph. However, the expansion of ethanol decreases 

dramatically as temperature rises.  
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Figure 3.14 provides images of acetone and scCO2 at various temperatures. The process 

for achieving a homogeneous phase is identical to that of NMP and ethanol. Figure 3.15, Figure 

3.16, and Figure 3.17 show graphs of acetone expansion rate and pressure growth vs. time at 

40, 60, and 80 °C. For ethanol and acetone cases, the duration to achieve a homogeneous phase 

does not dramatically change with temperature, although the expansion rate drops. However, 

this phenomenon did not happen in NMP because the vapor pressure of NMP is not 

significantly change, considerably when the temperature rises. 

On the other hand, the vapor pressure of ethanol and acetone varies substantially with 

temperature. At higher temperatures, the vapor pressure of ethanol and acetone increases 

dramatically. As a result, more ethanol and acetone are evaporated and transferred into the CO2 

phase, reducing solvent expansion. Table 3.2 shows the vapor pressures of NMP, ethanol, and 

acetone at 40, 60, and 80 °C as derived using the Antoine equation (Equation 3.1), with A, B, 

and C values from the literature [3-5]. 

𝑙𝑜𝑔 𝑃 = 𝐴 −
𝐵

𝐶 + 𝑇
(Equation 3.1) 
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Figure 3.3 Time-lapse images for CO2 and NMP at different pressurization rates from the 

beginning of the experiment until the homogenous phase was formed 
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Figure 3.4 expansion rate (red) and pressure (blue) against time for slow pressurization 

(0.234 MPa·min-1) 
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Figure 3.5 NMP expansion rate (red) and pressure (blue) against time for moderate 

pressurization (0.513 MPa·min-1) 
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Figure 3.6 NMP expansion rate (red) and pressure (blue) against time for slow pressurization 

(0.964 MPa·min-1) 
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Figure 3.7 Time-lapse images for CO2 and NMP at different temperatures of 40, 60, and 80 

ºC from the beginning of the experiment until the homogenous phase was formed 
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Figure 3.8 NMP expansion rate (red) and pressure (blue) against time at 60 ºC 
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Figure 3.9 NMP expansion rate (red) and pressure (blue) against time at 80 ºC 
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Figure 3.10 Time-lapse images for CO2 and ethanol at different temperatures of 40, 60, and 

80 ºC from the beginning of the experiment until the homogenous phase was formed 
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Figure 3.11 Ethanol expansion rate (red) and pressure (blue) against time at 40 ºC 

  

0

5

10

15

20

25

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30
P

re
ss

u
re

 (
M

P
a)

h
/h

0

Time (min)



 33  

 

 

 

 

 

 

Figure 3.12 Ethanol expansion rate (red) and pressure (blue) against time at 60 ºC 
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Figure 3.13 Ethanol expansion rate (red) and pressure (blue) against time at 80 ºC  
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Figure 3.14 Time-lapse images for CO2 and acetone at different temperatures of 40, 60, and 

80 ºC from the beginning of the experiment until the homogenous phase was formed 
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Figure 3.15 Acetone expansion rate (red) and pressure (blue) against time at 40 ºC 
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Figure 3.16 Acetone expansion rate (red) and pressure (blue) against time at 60 ºC 
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Figure 3.17 Acetone expansion rate (red) and pressure (blue) against time at 80 ºC 
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Table 3.2 Vapor pressures of NMP, ethanol, and acetone at 40, 60, and 80 ºC 

Solvent 
Vapor pressure (kPa) at 

40 ºC 60 ºC 80 ºC 

NMP 0.13 0.46 1.34 

Ethanol 18.15 47.52 109.76 

Acetone 56.93 114.96 215.13 
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3.3.3 Solvent type parameter 

Figure 3.18 depicts images for various solvents and CO2 from the start of the experiment 

until a homogeneous phase was established. The steps for reaching the homogeneous phase are 

similar to the process described in the previous section. 

Figure 3.19, Figure 3.20, Figure 3.21, Figure 3.22, Figure 3.23,and Figure 3.24 show plots 

of the solvent expansion rate and pressure growth against time for NMP, acetone, 1-butanol, 

ethanol, DMSO, and o-xylene, respectively. According to these graphs, the time required to 

establish a homogeneous phase varies depending on the solvent. Acetone is the fastest, 

followed by ethanol, 1-butanol, o-xylene, NMP, and finally, DMSO, where this phenomenon 

is related to the vapor pressure value. A high vapor pressure causes a faster formation of a 

homogeneous phase. These solvents' expansion rates vary as well. Acetone, ethanol, 1-butanol, 

DMSO, NMP, and o-xylene have the highest expansion rates from largest to smallest. 

The expansion rate of solvents from the beginning until the end of the experiment can 

indicate that mass transfer happens between scCO2 and organic solvents. In the first stage of 

the experiment when the pressure starts increasing, the solvent expands which indicates that 

CO2 is dissolved into solvents. While in the end of the stage before solvents and CO2 become 

homogenous phase, expansion rate of solvents decreases. This phenomenon indicates that 

solvents also moves to CO2 phase.  

For the end of stage which indicates solvent movement to CO2 can be explained by vapor 

pressure because solvent with higher vapor pressure shows more expansion rate decrease. Then 

when estimating the relationship between maximum expansion rate with vapor pressure p0 

(kPa), an inverse relationship can be estimated as follows. 

ℎ𝑚𝑎𝑥

ℎ0
∝

1

𝑝0
(Equation 3.2) 

Where the highest to lowest vapor pressure shown in Table 3.3 is as follows: NMP < 

DMSO < o-xylene < 1-buthanol < ethanol < acetone. With only this parameter, maximum 

expansion rate cannot be explained. Thus, the solubility between CO2 and organic solvent 

should also be taken into account. The dielectric constant (ε) is employed in this scenario. The 

dielectric constant indicates the polarity of a substance, and the greater the dielectric constant, 

the greater the polarity. Furthermore, when the polarity differences (Δε) between two 

substances are lower, their solubility increases, and higher CO2 solubility in solvent equals to 

a higher solvent expansion rate. This relationship is shown below. 
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ℎ𝑚𝑎𝑥

ℎ0
∝

1

∆𝜀
(Equation 3.3) 

The dielectric constants (ε) for each solvent shown in Table 3.3 [6-9]. Then, Figure 3.25 

shows the estimated relationship between vapor pressure and dielectric constant difference of 

solvents with maximum expansion rate where the estimated relationship equation is as follows. 

(
ℎ𝑚𝑎𝑥

ℎ0
) = 1.9386 (

1

𝑝0∆𝜀
)

−0.09

(Equation 3.4) 

Where, ℎ𝑚𝑎𝑥 ℎ0⁄  is maximum expansion rate, 𝑝0 (kPa) is vapor pressure of solvent, and 

∆𝜀 is dielectric constant difference of solvent and CO2. The R2 for this estimation is 0.898 

which is expected to be able to be improved with more data.  
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Figure 3.18 Time-lapse images for CO2 and various solvents from the beginning of the 

experiment until the homogenous phase was formed 
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Figure 3.19 NMP expansion rate (red) and pressure (blue) against time 

 

  

0

5

10

15

20

25

0

0.5

1

1.5

2

2.5

3

3.5

0 20 40 60

P
re

ss
u

re
 (

M
P

a)

h
/h

0

Time (min)



 44  

 

 

 

 

 

 

Figure 3.20 Acetone expansion rate (red) and pressure (blue) against time 
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Figure 3.21 1-butanol expansion rate (red) and pressure (blue) against time 
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Figure 3.22 Ethanol expansion rate (red) and pressure (blue) against time 
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Figure 3.23 DMSO expansion rate (red) and pressure (blue) against time  
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Figure 3.24 o-xylene expansion rate (red) and pressure (blue) against time 
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Table 3.3 Vapor pressures, dielectric constants of each compound, and maximum expansion 

rate 

Compound 

Vapor 

pressure 

 𝑝0 (kPa) at 

40 ºC 

Dielectric 

constant ε 

at 40 ºC 

∆𝜀 = 𝜀 − 𝜀𝐶𝑂2
 1 𝑝0∆𝜀⁄  ℎ𝑚𝑎𝑥 ℎ0⁄  

Acetone 56.93 17.80 17.20 0.0010 3.42 

Ethanol 18.15 22.37 20.86 0.0026 3.28 

1-butanol 2.53 15.63 14.12 0.0280 3.10 

NMP 0.13 28.64 27.13 0.2835 2.08 

DMSO 0.22 41 39.49 0.1146 2.31 

o-xylene 2.04 3 1.49 0.3288 2.09 

CO2  1.51    
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Figure 3.25 Relationship estimation between maximum expansion rate with vapor pressure 

(𝑃0) and dielectric constant (Δε) 
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3.3.4 Solvent amount parameter 

A video camera is used to analyze CO2 and NMP with varying solvent concentrations, and 

the time-lapse photos are exhibited in Figure 3.26. The procedure for forming a homogeneous 

phase is the same as described in the preceding section. Figure 3.27, Figure 3.19, Figure 3.6, 

and Figure 3.28 show graphs of solvent expansion rate and pressure growth against time for 

various solvent quantities ranging from the smallest to the largest. These graphs depict the time 

required for each solvent amount to establish a homogeneous phase and the expansion rate. For 

example, at the smallest amount of solvent, CO2 and NMP form the homogeneous phase over 

a more extended period, and the expansion rate is greater than the amount of solvent. 

3.3.5 Flow rate parameter 

Figure 3.29 depicts time-lapse photos of CO2 and NMP from the start of the experiment 

until they form a homogeneous phase with varying flow rates. Regardless of flow rate, the 

processes to reach the homogeneous phase are the same as in the previous section. Figure 3.6, 

Figure 3.30, Figure 3.31, and Figure 3.32 depict the experiment results of expansion rate versus 

time for each sample at various flow rates. These figures show no substantial change in 

expansion rate or duration to form a homogeneous phase. This phenomenon occurs because a 

tall glass cell is utilized in this experiment, as shown in the flow picture inside the view-cell 

setup in Figure 3.33. Since the entrance and exit way for CO2 is shorter than the tall glass cell, 

it restricts the CO2 flow to enter the glass cell. If the container is shorter than CO2 entrance and 

exit, CO2 will transfer to solvent phase faster and affect the homogenous formation time.   
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Figure 3.26 Time-lapse images for CO2 and amount of NMP from the beginning of the 

experiment until the homogenous phase was formed 
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Figure 3.27 NMP expansion rate (red) and pressure (blue) against time with NMP amount of 

3.9120 mmol 
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Figure 3.28 NMP expansion rate (red) and pressure (blue) against time with NMP amount of 

9.8000 mmol 
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Figure 3.29 Time-lapse images for CO2 and NMP from the beginning of the experiment until 

the homogenous phase was formed with a different flow rate 
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Figure 3.30 NMP expansion rate (red) and pressure (blue) against time with a CO2 flow rate 

of 96.21 ml min-1 
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Figure 3.31 NMP expansion rate (red) and pressure (blue) against time with a CO2 flow rate 

of 146.6 ml min-1 
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Figure 3.32 NMP expansion rate (red) and pressure (blue) against time with a CO2 flow rate 

of 200.3 ml min-1 
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Figure 3.33 CO2 flow illustration inside view-cell apparatus 
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Chapter 4  Development of carbon electrode by supercritical 

drying and its application in Li-air battery 

4.1 Statement of problems and objectives 

As stated in Chapter 1, in addition to the fundamental experiment about organic solvent 

expansion under the presence of scCO2, the fabrication of electrodes using this method is vital 

to understanding how supercritical drying parameters affect the electrodes' structure. Moreover, 

increasing the mechanical strength of the electrode should be considered to improve electrode 

cyclability. Therefore, in this chapter, carbon nanofiber is utilized to strengthen the mechanical 

strength of an electrode. Finally, carbon nanofiber electrodes are applied to Li-air batteries to 

investigate its benefit. This chapter was published in the Journal of Chemical Engineering of 

Japan [1].  

4.2 Experimental 

4.2.1 Materials 

This chapter divided the experiment into two parts; fabricating the electrode and applying 

the electrode to a CO2/O2 battery. For the first part of the experiment, acetylene carbon black 

(CB, purity 99.99 %) and carbon nanofiber (CNF, purity 98 %) were bought from Strem 

Chemicals and Pyrograf Products, Inc, and used as conductive materials. Then, poly(vinylidene 

fluoride) or PVDF was purchased from Fluorochem and used as a binder to bind the carbon 

particles together. After that, 1-Methyl-2-pyrrolidone (NMP, purity higher than 99.0 %) was 

supplied from Wako and used as a solvent. The pictures of CB and CNF, and the molecular 

structure of PVDF are shown in Figure 4.1, while NMP molecular structure is shown in Figure 

3.1. 

The experiment's second part is applying the fabricated electrodes to CO2/O2 batteries. For 

building the battery, Lithium bis(trifluoromethylsulfonyl) imide (LiTSFI) was purchased from 

Wako Pure Chemical Ind. Ltd. and used as Li-salt in the electrolyte. Moreover, the electrolyte 

was dimethyl sulfoxide (DMSO), purchased from Wako Pure Chemical Ind. Ltd. For the 

supercritical drying process, carbon dioxide was purchased from Fujii-Bussan with a purity of 

99.5 % mass for fabricating the electrode under supercritical conditions and for CO2/O2 

batteries. 
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4.2.2 Fabrication of electrodes 

4.2.2.1 Preparing black slurry 

This thesis mentions the solution containing CB or CNF with a binder (PVDF) and a 

solvent (NMP) as a black slurry. 

Here are the steps to fabricate a black slurry. First, a binder was added into a solvent in a 

vial and ultra-sonicated under 60 °C until it was completely dissolved. Then, CB or CNF was 

added to it. Some of the samples also contained both CB and CNF. Next, this solution was 

ultra-sonicated for an hour and stirred with a magnetic stirrer for a night to homogenize CB or 

CNF in the solution. The solvent amount was also varied to investigate the effect of a solvent 

amount on the aerogel. The summary of the black slurry compositions is shown in Table 4.1. 

4.2.2.2 Drying black slurry 

1 gram of homogenized black slurry is placed into a petri dish with an inner diameter of 

34 mm. Then the slurry is dried by two drying methods: evaporation and supercritical drying. 

Evaporation or thermal drying is when materials are dried by constant heating under 

atmospheric pressure until the solvent in the material is wholly evaporated, and the products 

are usually called xerogel [2]. In this research, for evaporation drying, the slurry is dried in a 

thermostat at 80 °C for 24 hours to ensure no solvent remains. 

The other method is supercritical drying, which is conducted under pressure and at a 

temperature higher than the critical point of a fluid [2]. The fluid used for supercritical drying 

is CO2. For this method, the black slurry is dried with supercritical drying equipment, which is 

shown in Figure 4.2. The critical point of CO2 is 31.1 °C and 7.38 MPa [3]. Consequently, the 

experiment should be conducted under higher pressure and temperature than those specified. 

This research experiment was held at 20 MPa and 40 °C. However, the experiment was also 

held at 60 and 80 °C to observe the effect of drying temperature on aerogel. The steps to dry 

black slurry with supercritical drying are mentioned below.  

First, a petri dish containing black slurry was placed in a high-pressure cell and tightly 

closed in order to avoid fluid leakage during the experiment. Immediately, the cell was put into 

a thermostat with a temperature set to the desired temperature and connected to a stainless steel 

pipe. The connectors between the cell and the line were tightly closed to prevent the fluid from 
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leaking. Finally, the experiment was conducted under 20 MPa. Thus, the back pressure to 

control the pressure was set to 20 MPa.  
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Figure 4.1 Images of a) carbon black (CB), b) carbon nanofiber (CNF), and c) molecular 

structure of poly(vinylidene fluoride) (PVDF) 
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Table 4.1 Summary of the electrode 

Electrode 

No. 

CB : CNF : PVDF : 

NMP  

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

C-1 1.0 : 0 : 1.0 : 27 Evaporation 80 0.1 

C-2 1.0 : 0 : 1.0 : 16 

Supercritical drying 40 20.0 
C-3 1.0 : 0 : 1.0 : 20 

C-4 1.0 : 0 : 1.0 : 27 

C-5 1.0 : 0 : 1.0 : 32 

C-6 1.5 : 0 : 1.0 : 25 Evaporation 80 0.1 

C-7 

1.5 : 0 : 1.0 : 25 Supercritical drying 

40 

20.0 C-8 60 

C-9 80 

C-10 0 : 1.0 : 1.0 : 32 Evaporation 80 0.1 

C-11 0.91 : 0.09 : 1.0 : 32 

Supercritical drying 40 20.0 C-12 0.5 : 0.5 : 1.0 : 32 

C-13 0 : 1.0 : 1.0 : 32 
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Before the experiment started, the valves were confirmed to be closed. Then, a CO2 

cylinder was opened at the beginning of the equipment, followed by the opening of the V1, V2, 

V4, and V5 valves. However, V4 was opened slowly to prevent sudden pressure change inside 

the high-pressure cell. After CO2 filled the high-pressure cell and the pressure shown in the 

pressure meter was constant, the pump was turned ON so the pressure would increase to 20 

MPa. Later, valve V6 was opened, followed by slowly opening the control valve or needle 

valve at the equipment's end. Then, the flow rate of CO2 was controlled by adjusting the control 

valve while observing the wet gas meter. The CO2 flow rate was adjusted to around 150 mL 

min-1. A solvent trap was placed between the control valve and the wet gas meter to trap the 

solvent, which was flowing together with CO2, to minimize the possibility of solvent flowing 

into the wet gas meter.  

After 6 hours of drying, the pump was turned OFF and the CO2 cylinder was closed. Then, 

the high-pressure cell was depressurized by letting the CO2 flow out until the pressure shown 

in the pressure meter returned to atmospheric pressure. The flow rate of CO2 was controlled at 

around 200 mL min-1 by adjusting the control valve while observing the wet gas meter. Next, 

the high-pressure cell was opened and the petri dish containing aerogel (dried black slurry) was 

brought out. 

4.2.2.3 Preparing Li-O2/CO2 battery coin cell 

The aerogel was cut into a round electrode with a diameter of 13.0 mm. Then, the weight 

of the electrode was measured with a balance. Before assembling the battery, LiTSFI was 

dissolved in DMSO to make 1 M LiTFSI/DMSO electrolyte. Then, a coin cell case, lithium 

metal, spacers, electrolyte, Whatman glass fiber, electrode, and gas diffusion layer (carbon 

fiber) were brought into a glove box. Next, the air in the glove box was removed until the 

humidity in the glove box was below 5 %. Humidity should be as low as possible to prevent 

lithium metal from reacting with water vapor in the air. Soon after, argon gas was filled into 

the glove box. Finally, the battery was assembled with the order of coin cell case, lithium metal, 

LiTFSI/DMSO electrolyte on Whatman glass fiber, electrode, spacers, and coin cell case inside 

the glove box, as illustrated in Figure 4.3. Soon, the assembled battery was brought to a 

crimping machine to close the battery. Then, it was brought out from the glove box.  
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1. Liquefied carbon dioxide 2. Dehydrator  

3. Check valve 4. Condenser  

5. Pump  6. Back pressure valve 

7. Pressure meter 8. Safety valve 

9. Thermostat  10. Digital pressure meter 

11. Drying cell 12. Control valve 

13. Solvent trap 14. Water trap 

15. Wet gas meter 16. Ribbon heater 

V1-6 Stop valve  

Figure 4.2 Supercritical drying apparatus 
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1. Coin cell case 2. Spacers 

3. Lithium metal 4. Separator (electrolyte) 

5. Electrode  6. Gas diffusion layer 

 

Figure 4.3 Coin cell: a) schematic diagram and b) top image   
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4.2.3 Analysis 

4.2.3.1 Morphology investigation 

The carbon electrode morphology was investigated using Scanning Electron Microscope 

(SEM) (JSM-6000 Plus, JEOL). The objects studied were the top surface and the electrode 

cross-section.  

4.2.3.2 Porosity measurement 

Porosity measurement was conducted to determine the differences in aerogel for different 

cases. To obtain the porosity value, first, the total volume of the aerogel was calculated by 

multiplying the top area and thickness of the aerogel. The equation of this calculation is as 

follows. 

𝑉𝑡𝑜𝑡𝑎𝑙 =  𝐴𝑡𝑜𝑝 × 𝑡 (Equation 4.1) 

 Where, 𝑉𝑡𝑜𝑡𝑎𝑙  (𝑐𝑚3), 𝐴𝑡𝑜𝑝 (𝑐𝑚2), and 𝑡 (𝑐𝑚) are the total volume, the top area, and the 

thickness of an aerogel, respectively. The top area and thickness of the aerogel were obtained 

using an image analysis software named ImageJ. A bird-eye view picture of the aerogel was 

taken for the top area. Then, it was opened in ImageJ software. The image was converted to 8-

bit and its threshold was adjusted to obtain a black-and-white image. Afterward, the top area 

was determined using particle analysis in the software. The thickness was determined by 

calculating the average of the aerogel thickness from approximately 200 points of 20 cross-

section SEM images of an aerogel using ImageJ.  

Furthermore, the void volume of the aerogel was obtained by subtracting the total volume 

from the bulk volume of the aerogel from Equation 4.2. This bulk volume was obtained by 

dividing the weight of solids (black slurry without solvents) and those densities. The densities 

of the solids are shown in Table 4.2. Finally, the porosity was calculated from the ratio of void 

volume and total volume of an aerogel (Equation 4.3). 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑣𝑜𝑖𝑑 + ∑
𝑊𝑠𝑜𝑙𝑖𝑑

𝜌𝑠𝑜𝑙𝑖𝑑
 (Equation 4.2) 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑉𝑣𝑜𝑖𝑑

𝑉𝑡𝑜𝑡𝑎𝑙

(Equation 4.3) 

Where, 𝑉𝑣𝑜𝑖𝑑 (𝑐𝑚3), 𝑊𝑠𝑜𝑙𝑖𝑑𝑠 (𝑔), and 𝜌𝑠𝑜𝑙𝑖𝑑 (𝑔 ∙ 𝑐𝑚−3) are the void volume of aerogel, 

the solids' weight, and the solids' density. 
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Table 4.2 Density of Acetylene carbon black and PVDF 

Substance Density (g cm-3) Ref. 

Carbon black 2.0233 [6] 

Carbon nanofiber 1.9 *) 

PVDF 1.6482 [6] 

*) product specification  
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4.2.3.3 Sheet conductivity measurement 

A four-point probe method was used to measure electrical conductivity. Figure 4.4 depicts 

the schematized four-point probe measurement, and Equation 4.4 calculates sheet conductivity 

[4, 5].  

𝜎 =
ln 2

𝜋𝑡𝑅 ∙ 𝐹(𝑡 𝑠⁄ )
(Equation 4.4) 

Where 𝑡 is thickness, 𝑅 is resistance, and 𝑠 is the distance between probes, which was 

fixed at 0.5 cm. In this experiment, 𝑡 's value is less than 0.2; as a result, the value of 𝐹(𝑡/𝑠) is 

approximately 1. The resistance 𝑅  value was determined from a slope value of a linear 

relationship between potential 𝑉 and electric current 𝐼. The linear scan voltammetry function 

determined potential and electric current at 0.1 V s-1 scan rate conducted with 

Potentiostat/Galvanostat (VersaSTAT3-200, Princeton Applied Research). 

4.2.3.4 Capacity and ten cycles measurement 

The coin cell put together in section 4.2.2.3 was inserted into a coin cell holder in an 

aluminum cell box, which was then linked to the potentiostat and galvanostat. The temperature 

within the cell box was kept at 25 °C. Next, a mixture of oxygen and carbon dioxide was 

pumped inside at a flow ratio of 1. At atmospheric pressure, the total flow rate of the mixed 

gases was regulated at 100 mL min-1. The Potentiostat/potentiometry Galvanostat's function 

was used to determine the electrode's capacity. The battery was discharged and discharged ten 

times throughout the 10-cycle experiment, and the measurement range was then adjusted to 0 

to 0.5 mA h cm-2. The electric current was constant for both tests at 0.1 mA (0.0750 mA cm-2 

cathode). The schematized apparatus for this experiment is displayed in Figure 4.5.  
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Figure 4.4 Four-point probe method 
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1. CO2 cylinder 2. O2 cylinder 

3. Flowmeter  4. Silica gel 

5. Aluminum cell box   6. Coin cell battery 

7. Coin cell holder  

Figure 4.5 Battery test apparatus 
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4.3 Result and discussion 

4.3.1 Solvent amount in the black slurry 

In the experiment section, the solvent amount (NMP) in the black slurry was varied to 

investigate the effect of a solvent amount on the fabricated aerogel. Black slurry components 

are summarized in Table 4.3. In this experiment, the amount of CB, PVDF, and drying 

conditions were fixed to minimalize other effect factors. C-1 is CB electrode made by 

evaporation drying at 80 °C and atmospheric pressure when CB:PVDF:NMP=1:1:32. C-2 to 

C-5 are electrodes made by supercritical drying at 20 MPa and 40 °C with the composition 

ratio of CB:PVDF:NMP were 1:1:16, 1:1:20, 1:1:27, and 1:1:32, respectively.  

Top view, surface SEM, and cross-section SEM images of aerogel made by the 

evaporation method are shown in Figure 4.6. The top view image shows that the aerogel 

fabricated with the evaporation method developed cracks. Moreover, the surface of the aerogel 

is very dense, as shown in the SEM image, while the cross-section SEM image shows a very 

thin aerogel.  

Top view, surface SEM, and cross-section SEM images of aerogel made by supercritical 

method are shown in Figure 4.6 to Figure 4.10. Unlike the aerogel made by evaporation drying, 

all aerogels fabricated with supercritical drying show no crack in top view images (Figure 4.7 

to Figure 4.10 section a). Moreover, the availability of pores can be confirmed from surface 

SEM images of each aerogel (Figure 4.7 to Figure 4.10 section b). Furthermore, the thicknesses 

shown in Figure 4.7 to Figure 4.10 section c are much more significant than aerogel made by 

evaporation drying (Figure 4.6 section c). This phenomenon happens due to the presence of 

surface tension and capillary stress in evaporation drying that makes pores in the aerogel 

collapse [7].  

The calculation of the porosity of these aerogels is shown in Table 4.4. Porosity was 

determined by the percentage of void volume and total volume, calculated from the aerogels' 

thickness and surface area, as explained in section 4.2.3. The porosity was plotted in Figure 

4.11. The graph shows that more solvent in the black slurry mixture gives a more significant 

porosity value. This result was parallel to the aerogel thickness in Figure 4.12. 

The sheet conductivity of fabricated electrodes was measured, and the result was plotted 

into a graph shown in Figure 4.13. However, the sheet conductivity of the electrode made by 

the evaporation method was not measured due to its defect. The value of sheet conductivity for 



 75  

electrodes fabricated by supercritical drying is smaller with a more significant amount of 

solvent. Moreover, the electrode with less solvent shows more considerable sheet conductivity. 

In the case of C-5, it has a high pore volume that makes the resistivity value significant. 

Consequently, because sheet conductivity has a perpendicular relationship with resistance 

value, its value became lowest compared to other electrodes. This kind of result also can be 

confirmed in the literature [8]. 
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Table 4.3 Summary of black slurry using different amounts of solvent 

Electrode 

No. 

CB : PVDF : NMP  

(g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

C-1 1.0 : 1.0 : 32 Evaporation 80 0.1 

C-2 1.0 : 1.0 : 16 

Supercritical drying 40 20.0 
C-3 1.0 : 1.0 : 20 

C-4 1.0 : 1.0 : 27 

C-5 1.0 : 1.0 : 32 
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Figure 4.6 CB electrode made by an evaporation method (C-1): a) Top view, b) surface SEM, 

and c) cross-section SEM images  
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Figure 4.7 CB electrode made by supercritical method (C-2): a) Top view, b) surface SEM, 

and c) cross-section SEM images 
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Figure 4.8 CB electrode made by supercritical method (C-3): a) Top view, b) surface SEM, 

and c) cross-section SEM images 
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Figure 4.9 CB electrode made by supercritical method (C-4): a) Top view, b) surface SEM, 

and c) cross-section SEM images 
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Figure 4.10 CB electrode made by supercritical method (C-5): a) Top view, b) surface SEM, 

and c) cross-section SEM images 
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Table 4.4 Porosity calculation of each electrode when CNF : PVDF : solvent = 1 : 1 : 32 

Sample 

No. 

Mass 

(g) 

Top area 

(cm2) 

Thickness 

(mm) 

Total 

volume 

(cm3) 

Density 

 (g cm-3) 

Void 

volume 

(cm3) 

Porosity 

C-1 0.069  6.400  1.055  0.068  1.024  0.029  0.436  

C-2 0.111  6.833  6.885  0.471  0.237  0.409  0.870  

C-3 0.092  6.982  8.057  0.563  0.164  0.512  0.910  

C-4 0.069  7.635  8.421  0.643  0.108  0.605  0.941  

C-5 0.059  6.838  10.028  0.686  0.009  0.654  0.953  
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Figure 4.11 Porosity of CB electrode with various amounts of solvent 
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Figure 4.12 Thickness of CB electrode with various amounts of solvent 
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Figure 4.13 Sheet conductivity of CB electrode with various amounts of solvent 
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4.3.2 Drying temperature 

In this section, electrodes are fabricated at various temperatures using the supercritical 

drying method to investigate the drying temperature's effect on the electrodes' structure. A 

summary of the electrodes made by evaporation drying and supercritical drying at various 

temperatures is displayed in Table 4.5. In this section, the composition ratio of the electrodes 

was fixed at CB:PVDF:NMP=1.5:1:25 to minimize error. C-6 is an electrode fabricated by 

evaporation drying at atmospheric pressure and 80 °C. C-7 to C-9 are electrodes fabricated by 

supercritical drying at 20 MPa, while the drying temperature was 40, 60, and 80 °C, 

respectively. 

Followed by the table for composition summary, the top view images, cross-section SEM 

images, and surface SEM images for electrodes C-6 to C-9 are shown in Figure 4.14, Figure 

4.15, Figure 4.16, and Figure 4.17. Figure 4.14 for C-6, made by evaporation drying, shows a 

similar result to C-1 in the previous section (Figure 4.6), which was also fabricated by 

evaporation drying. In addition, the top view image shows cracks because of pore collapse due 

to surface tension and capillary stress during the drying process. 

Figure 4.15 to Figure 4.17 show the top view, cross-section, and surface SEM images for 

electrodes made by supercritical drying at various temperatures; 40, 60, and 80 °C, respectively. 

Top view images show that electrodes dried at 40 and 60 °C have similar characteristics where 

no crack can be found on the surface. However, C-9, dried at 80 °C, has cracks from the outer 

part. When drying at 80 °C, from the first step of supercritical drying, the temperature was 

already 80 °C while the pressure was gradually increased until it reached the critical pressure 

point and finally 20 MPa. The initial high temperature caused the electrode to start drying like 

evaporation drying before it became a homogenous phase. However, because the pressure 

increased gradually after the pressure reached critical pressure, supercritical drying also took 

part in the drying, which prevented further cracks from forming. Compared to electrode C-6, 

electrodes C-7 to C-9 have large porous because C-7 to C-9 were dried by supercritical drying; 

thus, pore collapse did not occur. 

The porosity calculation for this section is displayed in Table 4.6, and the porosity and 

thickness graphs are shown in Figure 4.18 and Figure 4.19. From the porosity calculation and 

graph, the conclusion shows that there is no significant difference under different drying 

temperatures. This phenomenon might happen because NMP has a high boiling point [9]. Thus, 

even though the temperature was varied, the effect of drying temperature on the electrode 
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porosity is insignificant. In the previous section, when the thickness of the electrode is larger, 

the porosity is also more significant. However, in this section, the porosity values are similar, 

while the thickness in Figure 4.19 is different for each electrode.  

Then, the sheet conductivity was measured and plotted in Figure 4.20. In this figure, the 

highest sheet conductivity is C-8 when the drying temperature is 60 °C. Conversely, the lowest 

sheet conductivity is C-7 when drying is 40 °C. In theory, PVDF crystalline has the ability as 

a conductive to bring electricity. Moreover, higher temperatures will increase the PVDF β-

crystalline and produce higher sheet electrical conductivity [10]. However, in this case, even 

though the sheet conductivity of C-8 is higher than C-7, C-9 shows lower sheet conductivity. 

This result is because C-9 has cracks that cut off the electricity between the open cracks. These 

cracks made the electrode's resistance more significant, and because resistance and sheet 

conductivity have a perpendicular relationship, the sheet conductivity will become small when 

the resistance is enormous. The relationship between sheet conductivity can be seen in 

Equation 4.4. 
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Table 4.5 Summary of electrodes fabricated in various temperature 

Electrode 

No. 

CB : PVDF : NMP  

(g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

C-6 1.5 : 1.0 : 25 Evaporation 80 0.1 

C-7 

1.5 : 1.0 : 25 Supercritical drying 

40 

20.0 C-8 60 

C-9 80 
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Figure 4.14 CB electrode made by an evaporation method (C-6): a) Top view, b) surface 

SEM, and c) cross-section SEM images 
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Figure 4.15 CB electrode fabricated by supercritical method at 40  °C  (C-7): a) Top view, b) 

surface SEM, and c) cross-section SEM images 
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Figure 4.16 CB electrode fabricated by supercritical method at 60  °C  (C-8): a) Top view, b) 

surface SEM, and c) cross-section SEM images 
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Figure 4.17 CB electrode fabricated by supercritical method at 80  °C  (C-9): a) Top view, b) 

surface SEM, and c) cross-section SEM images 
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Table 4.6 Porosity calculation of each electrode fabricated in various temperature 

Sample 

No. 

Mass 

(g) 

Top area 

(cm2) 

Thickness 

(mm) 

Total 

volume 

(cm3) 

Density 

 (g cm-3) 

Void 

volume 

(cm3) 

Porosity 

C-6 0.091  7.020  1.989  0.140  0.655  0.090  0.647  

C-7 0.091  7.587  9.267  0.703  0.130  0.654  0.930  

C-8 0.091  7.169  8.802  0.631  0.145  0.582  0.922  

C-9 0.092  7.210  9.510  0.686  0.134  0.636  0.928  
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Figure 4.18 Porosity of CB electrode fabricated at various temperatures 
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Figure 4.19 Thickness of CB electrode fabricated at various temperatures 
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Figure 4.20 Sheet conductivity of CB electrode fabricated at various temperatures 
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4.3.3 CNF and CB electrode comparison 

In this section, electrodes using two kinds of conductive materials were used to understand 

the effect of material structure on an electrode. In this section, the powder type was represented 

by CB, and CNF represented the long (fiber) type. The summary of electrode compositions is 

shown in Table 4.7. The table shows that the electrode consists of only CB, a mixture of CB 

with CNF, and only CNF. C-10 is a CNF electrode dried by evaporation drying. C-5 is the CB 

electrode which was already shown in section 4.3.1. C-11 and C-12 consist of both CB and 

CNF with different ratios. Finally, C-13 is a CNF electrode. In section 4.3.1, the highest 

porosity is when the ratio of CB:PVDF:NMP is 1:1:32. In section 4.3.2, the temperature does 

not significantly affect porosity. Thus, in this section, the ratio of conductive materials 

(CB/CNF), PVDF, and NMP were kept for 1:1:32. Furthermore, C-5, C-10, C-11, C-12, and 

C-13 were dried by supercritical drying at 40 °C and 20 MPa.  

Next, the top view, cross-section, and surface SEM images of the electrodes are shown in 

Figure 4.21, Figure 4.10, Figure 4.22, Figure 4.23, and Figure 4.24. The top view image of 

CNF electrode C-10 (Figure 4.21) dried by evaporation shows different characteristics with 

CB electrode C-1 and C-6 (Figure 4.6 and Figure 4.14), where the CNF electrode is not 

damaged by the evaporation drying method because CNF which structure is fiber entangled 

together and this can prevent the electrode from being broken. This behavior proves CNF is 

superior to CB in strength [12]. However, from cross-section SEM images, it is clear that the 

CNF electrode made by evaporation drying (C-10) is significantly thinner than the other 

electrodes made by supercritical drying. Furthermore, from the surface SEM image of C-10 in 

Figure 4.21, aggregation was found, while no aggregation was found in other electrodes (C-5, 

C-11 to C-13).  

From the top view images of Figure 4.22, Figure 4.23, and Figure 4.24, the surface area is 

more significant when the electrode contains more CNF because CB black slurry has a gel-like 

solution while CNF black slurry is a sol-like solution. From the surface SEM images of C-11 

to C-13 (Figure 4.22 to Figure 4.24), a fiber-like structure is evident in electrodes containing 

CNF, even for a small amount. While Figure 4.10 for C-5 does not contain any CNF, a fiber-

like structure cannot be observed.  

The porosity calculation of CB/CNF electrodes and the graph are shown in  
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Table 4.8 and Figure 4.25, respectively. From the table and graph, each electrode has quite 

similar porosity except for CNF electrode C-10, which is made by evaporation drying, where 

this electrode has the lowest porosity. This low porosity is identical to the previous section, 

where evaporation drying has surface tension and capillary stress, making the pores inside the 

electrode collapse during drying. Figure 4.26 shows the thickness of the CB/CNF electrode 

where the thickness is smaller with more CNF contained inside the electrode. However, 

regardless of its thinner structure, the CNF electrode still has high porosity similar to the CB 

electrode. Because despite CNF electrode is thin, it has a larger surface area than the CB 

electrode. This complimentary thickness and surface area make the porosity stay large.  

Now, the sheet conductivity of CB/CNF is shown in Figure 4.27. Again, high sheet 

conductivity is measured for C-11 and C-12 electrodes containing both CB and CNF, while the 

electrode containing either CB or CNF has small sheet conductivity, and electrode C-13 

containing only CNF has the smallest value. This result is because an electrode containing only 

CNF has a fiber-like structure, and when combined with a binder, these fibers will form a net-

like structure. Because of this net-like structure, the contact points between fibers are limited; 

thus, the electric conductivity is low. However, by combining the fiber-like structure of CNF 

with the powder-like structure of CB, the powder-like structure can fill in the space in the net 

structure. As a result, a higher sheet conductivity can be achieved. 
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Table 4.7 Summary of electrode using CB and/or CNF as conductive materials 

Electrode 

No. 

CB : CNF : PVDF : 

NMP  

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

C-10 0      : 1.0   : 1.0 : 32 Evaporation 80 0.1 

C-5 1.0   : 0      : 1.0 : 32 

Supercritical drying 40 20.0 
C-11 0.91 : 0.09 : 1.0 : 32 

C-12 0.5   : 0.5   : 1.0 : 32 

C-13 0      : 1.0   : 1.0 : 32 
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Figure 4.21 CNF electrode fabricated by evaporation drying (C-10): a) Top view images, b) 

surface SEM images, and c) cross-section SEM images 
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Figure 4.22 CB/CNF electrode fabricated by supercritical drying (C-11): a) Top view images, 

b) surface SEM images, and c) cross-section SEM images 
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Figure 4.23 CB/CNF electrode fabricated by supercritical drying (C-12): a) Top view images, 

b) surface SEM images, and c) cross-section SEM images 
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Figure 4.24 CNF electrode fabricated by supercritical drying (C-13): a) Top view images, b) 

surface SEM images, and c) cross-section SEM images 
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Table 4.8 Porosity calculation of CB/CNF electrodes   

Sample 

No. 

Mass 

(g) 

Top area 

(cm2) 

Thickness 

(mm) 

Total 

volume 

(cm3) 

Density 

 (g cm-3) 

Void 

volume 

(cm3) 

Porosity 

C-10 0.059  8.978  1.267  0.114  0.520  0.080  0.705  

C-5 0.059  6.838  10.028  0.686  0.086  0.654  0.953  

C-11 0.059  6.574  7.989  0.525  0.112  0.493  0.938  

C-12 0.059  8.288  7.787  0.645  0.092  0.613  0.950  

C-13 0.059  8.710  5.919  0.516  0.115  0.483  0.937  
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Figure 4.25 Porosity of CB/CNF electrode fabricated with different CB and CNF 

composition 
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Figure 4.26 Thickness of CB/CNF electrode fabricated with different CB and CNF 

composition 
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Figure 4.27 Sheet conductivity of CB/CNF electrode fabricated with different CB and CNF 

composition 
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The following experiment is battery testing using carbon aerogels as carbon electrodes. In 

this case, specific capacity and battery cycle were investigated. Figure 4.10 shows the specific 

capacity of the battery using the CNF electrode (green) compared to the CB/CNF electrode 

(blue) and CB electrode (red). Battery using CNF electrode presents the most superior specific 

capacity with the value of 7.75 mA h cm-2 than the other batteries, which is approximately 2.6 

times compared to the battery using CB electrode. While the electrode with CB and CNF mixed 

gives a specific capacity value between batteries using CB and CNF electrodes. Initially, the 

CB shape is like particles for the CB electrode, while CNF has a shape like fiber or thread. The 

SEM images of the CB and CNF surface are shown in Figure 4.11 a and b. When CB particles 

were bonded with PVDF, PVDF covered the surface of CB to stick the particles. This structure 

makes O2 and CO2 gases and Li-ion to be more challenging to reach the CB surface to react. 

On the other hand, while PVDF bonded CNF fibers, many fiber surfaces are still exposed, 

which makes gases and Li-ion easier to react on the surface of the electrode. This mechanism 

is illustrated in Figures 4.11 c and b. 

Battery with CNF electrode was discharged and charged ten times where the measurement 

range was 0 - 0.5 mA h cm-2 and the electric current was 0.1 mA (0.0750 mA cm-2 cathode). As 

a result, this battery could withstand ten cycles, while the battery with the CB electrode fell 

after five cycles, as shown in Figure 4.12. This result means that CNF is superior to CB as an 

electrode. 
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Figure 4.28 Specific capacity of carbon nanofiber electrode (green) compared to carbon 

black/carbon nanofiber (blue) and carbon black electrode (red) 
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Figure 4.29  Illustration of carbon black: a) SEM, b) mechanism and carbon nanofiber 

electrode: c) SEM, d) mechanism 
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Figure 4.30 Cyclability of carbon nanofiber (green) and carbon black electrode (red) 

 

 

 

 

 

 

  

0

1

2

3

4

1 2 3 4 5 6 7 8 9 10

C
u

to
ff

 v
o

lt
ag

e 
(V

)

Cycle number



 112  

4.4 Reference  

[1]  Shofiyah Sakinah, Nattanai Kunanusont, Yusuke Shimoyama, "Carbon Nanofiber 

Aerogel Fabricated by Supercritical Drying and Application in Li–O2/CO2 Battery", 

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN 54 (2021) 239-247 

[2]  Shahzamani, Rouhollah Bagheri, Mahmood Masoomi, Majid Haghgoo, Akram Dourani, 

"Effect of drying method on the structure and porous texture of silica-polybutadiene hybrid 

gels: Supercritical vs. ambient pressure drying", Journal of Non-Crystalline Solids 460 

(2017) 119-124 

[3]  Danae A. Voormeij and George J. Simandl, "Geological and Mineral CO2 Sequestration 

Options: A Technical Review", Geological Fieldwork 2002 1 (2003) 265-275 

[4]  Kunanusont, Nattanai, and Yusuke Shimoyama, "Porous carbon electrode for Li-air 

battery fabricated from solvent expansion during supercritical drying", The Journal of 

Supercritical Fluids 133 (2018) 77-85 

[5]  F. M. Smits, "Measurement of Sheet Resistivities with the Four-Point Probe", The Bell 

System Technical Journal 37 (1958) 711 – 718 

[6]  Nattanai Kunanusont, "Master dissertation", Tokyo institute of technology, Tokyo  (2017)  

[7]  Shengxuan Zheng, Xiaohui Hu, Abdul-Rauf Ibrahim, Daoying Tang, Yuquan Tan, and Jun 

Li, "Supercritical Fluid Drying: Classification and Applications", Recent Patents on 

Chemical Engineering 3 (2010) 230 – 244 

[8]  Kultayeva, Shynar, Ha, Jang, Malik, Rohit, Kim, Young, and Kwang J. Kim, "Effects of 

porosity on electrical and thermal conductivities of porous SiC ceramics", Journal of the 

European Ceramic Society 40 (2020) 996-1004 

[9]  McKeen, Laurence W, "Solvent Systems",  Fluorinated Coatings and Finishes Handbook 

(Second Edition)  (2016) 107-118 

[10]  Saïdi, Sami, Aymen, Mannai, Bouzitoun, Mouna, and Abdelatif B. Mohamed, "Effect 

of α- to β-transformation on the dc and ac conductivity mechanism in polyaniline: 

Polyvinylidene fluoride composites films", Materials Science in Semiconductor 

Processing  26 (2014) 336-342 

[11]  Raghunandan Sharma & Kamal K. Kar, "Characteristics of Carbon Nanofibers", 

Handbook of Nanocomposite Supercapacitor Materials I. Springer Series in Materials 

Science 300 (2020) 

  



 113  

Chapter 5  Improvement of carbon electrode using acetone as 

the solvent 

5.1 Statement of problems and objectives 

As mentioned in chapter 1, to further improve the performance of the Li-air battery, the 

results of Chapter 3 and Chapter 4 are combined to optimize the electrode production, which 

is later applied to the battery. In this case, from Chapter 3, acetone has the highest expansion 

rate compared to the other solvents. Using acetone as the solvent hopefully can increase the 

porosity of the electrode and improve the battery performance. From Chapter 4, the optimum 

electrode composition for higher porosity is when CB:PVDF:NMP is 1:1:32. Furthermore, the 

optimum drying temperature is 40 °C, and CNF as conductive material can improve the battery-

specific capacity and cycle. The experiment of Chapter 5 was conducted using these pieces of 

information. 

5.2 Experimental 

5.2.1 Materials 

As in Chapter 4, the experiment is separated into two parts: manufacturing the electrode 

and applying the electrode into a CO2/O2 battery. This chapter's materials are similar to those 

in section 4.2.1. From the previous chapter, the experiment demonstrates that the electrode 

containing carbon nanofiber outperforms the black carbon electrode. As a result, the only 

conductive substance used in this chapter was carbon nanofiber (CNF, purity 98 %) that was 

bought from Pyrograf Products, Inc. Next, the carbon particles were bonded with a binder, 

poly(vinylidene fluoride) (PVDF) from Fluorochem. Then, 1-Methyl-2-pyrrolidone (NMP, 

purity higher than 99.0 %), Cellulose acetate (CA, purity 100%), and acetone (purity higher 

than 95 %) were purchased from Fujifilm Wako. NMP and acetone were used as solvents. CA 

was used as binder in addition to PVDF. Figure 5.1 shows the molecular structure of CA, while 

NMP and acetone molecular structures were depicted in Figure 3.1, Then, Figure 4.1 displays 

the CNF picture and the molecular structure of PVDF.  

The second stage of the experiment involves putting the manufactured electrodes into 

CO2/O2 batteries. Lithium bis(trifluoromethylsulfonyl) imide (LiTSFI) was supplied by Wako 

Pure Chemical Ind. Ltd. for the battery, which was employed as Li-salt in the electrolyte. In 

addition, the electrolyte was dimethyl sulfoxide (DMSO), obtained from Wako Pure Chemical 
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Ind. Ltd. For the supercritical drying process, carbon dioxide with a purity of 99.5 % mass was 

bought from Fujii-Bussan to fabricate the electrode under supercritical drying and for CO2/O2 

batteries. 

5.2.2 Fabrication of electrodes 

5.2.2.1 Preparing black slurry 

A black slurry mentioned in this chapter contains CNF as a conductive material, a binder 

(PVDF or CA), and a solvent (NMP or acetone). The summary of the electrode compositions 

is shown in Table 5.1. 

For fabricating sample CA-0, PVDF was put into a vial filled with NMP as the starter. 

Then, the binder was completely dissolved in the solvent with ultrasonication help at 60 °C. 

Then, CNF was added to the solution and mixed with ultrasonication for an hour. Black slurry 

fabrication was followed by adding acetone to the mixture. Finally, the mixture was left for a 

night while stirred with a magnetic stirrer.  

Then, the same as CNF/PVDF electrode fabrication method, CNF/CA (CA-1 to CA-7) 

samples were produced. First, CA is added into acetone in a vial and ultra-sonicated under 

30 °C until it is completely dissolved. In the case of CNF/PVDF black slurry, PVDF was 

dissolved under 60 °C. However, acetone has a low boiling point; thus, to prevent acetone 

evaporation, acetone was dissolved at 30 °C. Then, CNF was added to CA/acetone solution. 

Next, this solution was ultra-sonicated for an hour and stirred with a magnetic stirrer for a night 

to homogenize CNF in the solution. The summary of the black slurry compositions is shown 

in Table 5.1. 

5.2.2.2 Drying black slurry 

In a petri dish with an inner diameter of 34 mm, 1 gram of homogenized black slurry is 

poured. Then, the petri dish was tapped to make the surface of the slurry even. The slurry is 

then dried using one of two methods: evaporation or supercritical drying. Evaporation or 

thermal drying is the process of drying materials by continual heating under atmospheric 

pressure until the solvent in the material is completely evaporated, and the products are 

commonly referred to as xerogel [1]. For evaporation drying, the CNF/PVDF and CNF/CA 

slurries were dried in a thermostat at 80 and 40 °C for 24 hours, respectively, to guarantee no 

solvent remained. Because acetone has a low boiling point, CNF/CA was dried at 40 °C. 
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The other process is supercritical drying, which is done under pressure and at temperatures 

higher than a fluid's critical point [2]. CO2 is the fluid used in this process. The black slurry is 

dried using supercritical drying equipment for this process, as shown in Figure 4.2. CO2's 

critical point is 31.1 °C and 7.38 MPa [3]. As a result, the experiment should be carried out at 

higher pressures and temperatures than those stated. This study was conducted at 20 MPa and 

40 °C. The steps for supercritical drying black slurry are listed below. 

Initially, a petri dish with black slurry was placed in a high-pressure cell as soon as possible 

to reduce evaporation and tightly closed to ensure no fluid was lost during the experiment. Next, 

the cell was placed in a thermostat set to the desired temperature and connected to stainless 

steel tubing. Next, the connectors between the cell and the line were tightly closed to keep the 

fluid from leaking. Finally, a back pressure used to control the pressure was set to the desired 

pressure. 

The valves were confirmed to be closed before the experiment began. Then, at the start of 

the equipment, a CO2 cylinder was opened, followed by the opening of the V1, V2, V4, and 

V5 valves. V4 was opened slowly to avoid a sudden pressure change inside the high-pressure 

cell. After CO2 had filled the high-pressure cell and the pressure displayed on the pressure 

meter remained constant, the pump was turned on, causing the pressure to rise to the desired 

temperature. Later, valve V6 was opened, followed by the control valve or needle valve at the 

equipment's end being slowly opened. The flow rate of CO2 was then adjusted by manipulating 

the control valve while watching the wet gas meter. The CO2 flow rate was set at around 150 

mL min-1. A solvent trap was installed between the control valve and the wet gas meter to catch 

the solvent flowing out with the CO2, reducing the likelihood of solvent entering the wet gas 

meter. 

The pump was switched off, and the CO2 cylinder was closed after drying. Drying was 

held for 6 hours for sample CA-0, where the solvent was a mixture of NMP and acetone, to 

verify that the NMP was removed entirely from the black slurry. Due to acetone's low boiling 

point, drying for CA-1 through CA-7, which contains only acetone as the solvent, took only 

1.5 hours. In the preliminary experiment, electrodes were weighed after 1.5 hours of 

supercritical drying, and more than 99% of the solvent was eliminated. This result shows that 

1.5 hours is sufficient for supercritical drying when using acetone as the solvent. 

The high-pressure cell was depressurized by allowing CO2 to escape until the pressure 

meter's pressure returned to atmospheric pressure. By changing the control valve while 
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watching the wet gas meter, the flow rate of CO2 was kept at roughly 200 mL min-1. Finally, 

the high-pressure chamber was opened, and a petri dish containing aerogel (dry black slurry) 

was removed. 

5.2.2.3 Preparing Li-O2/CO2 battery coin cell 

The aerogel was cut into a circular electrode with a 13.0 mm diameter. The weight of the 

electrode was then determined using a balance. Before assembling the battery, 1 M 

LiTFSI/DMSO electrolyte was made by dissolving LiTSFI in DMSO. Then a glove box was 

filled with a coin cell casing, lithium metal, spacers, electrolyte, Whatman glass fiber, electrode, 

and gas diffusion layer (carbon fiber). The air in the glove box was then evacuated until the 

humidity level in the glove box was less than 5%. Humidity should be kept as low as feasible 

to prevent lithium metal from interacting with water vapor in the air. The glove box was soon 

filled with argon gas. Finally, the battery was built inside the glove box in the following order: 

coin cell case, lithium metal, LiTFSI/DMSO electrolyte on Whatman glass fiber, electrode, 

spacers, and coin cell case, as shown in Figure 4.3. The constructed battery was soon 

transferred to a crimping machine to be closed. Then it was taken from the glove box. 

5.2.3 Analysis 

5.2.3.1 Morphology investigation 

The morphology of carbon electrodes was studied using a scanning electron microscope 

(SEM) (JSM-6000 Plus, JEOL). The top surface and the electrode cross-section were the 

objects analyzed. 

5.2.3.2 Porosity and pore volume measurement 

Porosity measurements were performed to establish the differences in aerogel for various 

scenarios. To get the porosity value, first, compute the total volume of the aerogel by 

multiplying the top area by the thickness of the aerogel (Equation 4.1). 

The top area and thickness of the aerogel were measured using ImageJ, an image analysis 

software. First, a bird's-eye view of the top section of the aerogel was captured. The image was 

then opened with the ImageJ program. The image was then converted to 8-bit and the threshold 

was changed to produce a black-and-white image. The top area was then determined using 

particle analysis in the software. Finally, the thickness was calculated using ImageJ by taking 

the average of the aerogel thickness from roughly 200 locations in 20 cross-section SEM 

pictures of an aerogel. 
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Furthermore, from Equation 4.2, the void volume of the aerogel was calculated by 

subtracting the bulk volume from the total volume of the aerogel. Next, this bulk volume was 

calculated by dividing the weight of solids (black slurry without solvents) by the density of 

those solids. Table 5.2 displays the densities of the solids. Finally, the porosity of an aerogel 

was estimated by dividing its void volume by its total volume (Equation 4.3). 

In addition of porosity, in this chapter, pore volumes are also calculated. Pore volumes are 

calculated from the equation as follows by dividing the void volume which is obtained from 

Equation 4.2 with the electrode mass. 

𝑉𝑝𝑜𝑟𝑒 =
𝑉𝑣𝑜𝑖𝑑

𝑤𝑠𝑜𝑙𝑖𝑑

(Equation 5.1) 

Where,  𝑉𝑝𝑜𝑟𝑒 (𝑐𝑚3 ∙ 𝑔−1) , 𝑉𝑣𝑜𝑖𝑑 (𝑐𝑚3) , 𝑊𝑠𝑜𝑙𝑖𝑑𝑠 (𝑔)  are the pore and void volume of 

aerogel, the solids' weight, and the solids' density. 

5.2.3.3 Capacity measurement 

Only capacity measurement was performed in this chapter to compare the respective 

capacity of the battery employing CNF/PVDF and CNF/CA electrodes. First, the coin cell 

assembled in section 5.2.2.3 was placed in a coin cell holder in a glass jar, which was then 

connected to the potentiostat and galvanostat, which were used to determine the electrode 

capacity. The temperature within the cell box was regulated at 25 °C. Then, a mixture of oxygen 

and carbon dioxide was pushed within at a flow ratio of one. The overall flow rate of the mixed 

gases was set at 100 mL min-1 at atmospheric pressure. Figure 4.5 depicts the schematized 

apparatus for this experiment.  
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Figure 5.1 Molecular image of cellulose acetate (CA) 
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Table 5.1 Summary of the electrodes 

Electrode 

No. 

CNF : PVDF : 

NMP : acetone  

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 
Pressure (MPa) 

CA-0 1.0 : 1.0 : 16 : 16 Supercritical drying 40 20.0 

CNF : CA : acetone (g/g/g) 

CA-1 1.0 : 1.0 : 32 

Supercritical drying 40 20.0 
CA-2 1.0 : 0.5 : 32 

CA-3 1.0 : 0.3 : 32 

CA-4 1.0 : 0.1 : 32 

CA-5 1.0 : 1.0 : 32 Evaporation 40 0.1 

CA-6 
1.0 : 1.0 : 32 Supercritical drying 40 

5 

CA-7 7.5 
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Table 5.2 Density of CNF, PVDF, and CA 

Substance Density (g cm-3) Ref. 

Carbon nanofiber 1.9 *) 

PVDF 1.6482 [1]  

CA 1.3 *) 

*) product specification  
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5.3 Result and discussion 

5.3.1 Black slurry using a combinative organic solvent 

In Chapter 3 , it was mentioned that acetone has the most significant expansion than other 

mentioned organic solvents. In this section, the possibility of NMP and acetone to improve the 

electrode performance was investigated. The summary of electrode materials and drying 

method is shown in Table 5.3. This section used only CNF as conductive materials. However, 

the solvents used for this section are NMP and acetone.  

The images of the electrode using NMP as a solvent with evaporation drying are shown in 

Figure 4.21. While in Figure 4.24 shows the pictures of the electrode using NMP as a solvent 

and dried with supercritical drying. Finally, Figure 5.2 displays the images of the electrode 

using the combination of NMP and acetone as a solvent with supercritical drying. Those figures 

demonstrate the electrode's top-view image and the surface and cross-sectional images taken 

by SEM. 

In Figure 4.21, PVDF aggregation can be observed on the surface of the electrode, while 

it does not exist in the other electrodes shown in Figure 4.24 and Figure 5.2. It shows that 

evaporation drying can form PVDF agglomeration when supercritical drying can prevent it. 

 While comparing Figure 4.21, Figure 4.24, and Figure 5.2, the thickness of each electrode 

varies. The thinnest electrode is the electrode with NMP and evaporation drying (Figure 4.21). 

On the contrary, the electrode contains NMP and acetone as the solvent and is dried by 

supercritical drying (Figure 5.2) is the thickest. Moreover, the electrode fabricated by 

evaporation drying has a significant difference in thickness compared with others produced 

with supercritical drying. Because, in evaporation drying, surface tension exists during the 

whole process. As the solvent evaporates from the black slurry, the mixture surface gets lower 

due to surface tension, and the pores formed inside the electrode collapse. On the other hand, 

looking back to the result and discussion in Chapter 3, the organic solvent in a supercritical 

CO2 environment expanded before forming a homogenous phase in which surface tension does 

not exist. Consequently, when fabricating an electrode using this method, pores formed inside 

it do not collapse due to the absence of surface tension.  

The thickness of the electrode fabricated by the supercritical CO2 method with different 

solvent compositions is also diverse, which can be observed in Figure 4.24 and Figure 5.2. The 

reason for this occurrence also can be explained with the result and discussion in Chapter 3. In 
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Chapter 3, NMP and acetone in the supercritical CO2 environment are investigated and the 

result shows that acetone expands more than NMP. Thus, it is evident that the electrode 

consisting of NMP and acetone can have a larger thickness than the electrode consisting of 

NMP only because the mixture containing acetone can expand larger. Therefore, the pores of 

this electrode (Figure 5.2) also look more prominent than the others (Figure 4.21 and Figure 

4.24).  

The porosity of each aerogel was calculated with the equation in section 4.2.3. First, the 

top area and thickness were calculated using an image analysis software, ImageJ, as mentioned 

in 4.2.3. Then, the total volume of the aerogels was determined by multiplying the top area and 

thickness (Equation 4.1). After that, the bulk volume of the aerogels was calculated by dividing 

CNF and PVDF weight by its density in Table 5.2 and void volume was determined by 

subtraction of actual total volume and bulk volume (Equation 4.2 and 4.3). Finally, the ratio of 

void volume and the actual total volume was calculated to get the porosity value. These 

calculation results are displayed in Table 5.4. 

The calculation results were projected into a graph in Figure 5.3 and Figure 5.5. As shown 

in the bar diagram, aerogel fabricated by evaporation drying has the lowest porosity, while 

whether acetone was mixed with NMP does not have a significant difference in porosity. 

Evaporation drying results in low porosity and is the reason for thickness, where the pores 

inside the aerogel collapse with this method. Hence, both of thickness and porosity of the 

aerogel are lower than the aerogel made by supercritical drying. The mechanism difference is 

explained in Figure 5.6, wherein evaporation drying, the solution containing CNF decreases 

with time and thin and less porous aerogel was formed. On the other hand, supercritical CO2 is 

dissolved into the solution in supercritical drying, which expands it and finally, thick and highly 

porous aerogel can be obtained.  

In the case of the solution containing acetone, the porosity difference is slight despite the 

higher porosity than the solution not containing acetone. Even though the previous chapter 

shows that acetone can expand more than NMP in the presence of supercritical CO2, the 

porosity itself does not change much. This phenomenon might happen because acetone is more 

volatile than NMP. Thus, acetone evaporates faster than NMP. Moreover, porosity was 

calculated by the ratio of void volume and total volume; hence the porosity cannot be bigger 

than 1. If both of the pore volumes shown in Figure 5.5 are compared, aerogel fabricated with 

acetone and NMP as solvent has approximately 1.4 times bigger void volume. 
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Table 5.3 Summary of the electrode  

Electrode 

No. 

CNF : PVDF : NMP : 

acetone 

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

C-10 1.0 : 1.0 : 32 : 0 Evaporation 80 0.1 

C-13 1.0 : 1.0 : 32 : 0 Supercritical drying 40 20.0 

CA-0 1.0 : 1.0 : 16 : 16 Supercritical drying 40 20.0 
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Figure 5.2 NMP+acetone/scCO2 electrode (CA-0): a) Top view images, b) surface SEM 

images, and c) cross-section SEM images  
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Table 5.4 Porosity calculation of each electrode when CNF : PVDF : solvent = 1 : 1 : 32 

Sample  

No. 

Mass  

(g) 

Top  

area 

(cm2) 

Thickness 

(cm) 

Total  

volume 

(cm3) 

Density 

 (g cm-3) 

Void  

volume 

(cm3) 

Porosity 

Pore  

volume  

(cm3 g-1) 

C-10 0.059  8.978  1.267  0.114  0.520  0.081  0.715  1.375  

C-13 0.059  8.710  5.919  0.516  0.115  0.482  0.935  8.150  

CA-0 0.059  8.075  8.829  0.713  0.083  0.680  0.953  11.514  
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Figure 5.3 Porosity of CNF electrode fabricated with different solvent compositions 
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Figure 5.4 Thickness of CNF electrode fabricated with different solvent compositions 
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Figure 5.5 Pore volume of CNF electrode fabricated with different solvent compositions 
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Figure 5.6 Illustration of solvent evaporation drying and supercritical drying process 
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5.3.2 CNF/CA aerogel 

In the previous section, combining NMP and acetone as solvents can increase an 

electrode's thickness and void volume. Moreover, in a study, a high porosity of carbon 

electrodes is proven to be very effective in increasing a battery's specific capacity [2]. On the 

other hand, NMP has a high boiling point [3] which affects the time length for the drying 

process, while acetone has a low boiling point [4] that can fasten the drying process. 

Consequently, to further improve the electrode and modify the time efficiency of electrode 

manufacturing, an idea was to completely change the solvent from NMP to acetone. However, 

a high temperature is necessary to dissolve PVDF in acetone since acetone is a latent solvent 

to PVDF [5]. 

An alternative binder is also necessary to replace the organic solvent from NMP with 

acetone. In search of an alternative binder, our research group found studies about cellulose 

acetate. Cellulose acetate is produced from wood and is non-hazardous, biodegradable, and 

environmentally friendly [6, 7]. Although its conductivity is small [8], the most crucial 

characteristic is its solubility in acetone [9, 10].  

The summary of CNF/CA electrodes for this section is displayed in Table 5.5. CA-1 to 

CA-4 were fabricated with supercritical drying at 40 ℃ and 20 MPa, while their different 

aspects are the amount of binder. CA-1 has the highest, and CA-4 has the lowest amount of 

binder. The amount of binder was varied not only to investigate the possibility of fabricating 

CNF/CA electrodes with supercritical drying but also to study the effect of it on the battery 

performance.  

Figure 5.7 to Figure 5.10 shows the top view images, surface SEM images, and cross-

section SEM images of electrodes CA-1 to CA-4. From these top-view and surface SEM 

images, a conclusion can be drawn that there is no significant difference between the electrodes. 

Table 5.6, Figure 5.11, and Figure 5.13 show the porosity calculation and porosity graph 

for CNF/CA electrodes. From the graph, the CNF/CA electrodes' porosity does not change 

significantly; only a slight increase can be observed where C-4 has the highest porosity value. 

However, in Figure 5.13, the differences of pore volume are clear. C-4 electrode has the highest 

porosity and pore volume because it contains more solvent and, consequently, has less solid. 

Because, in the drying process, supercritical CO2 is dissolved into the solvent before extracting 

it from the drying system. Consequently, more solvent causes more supercritical CO2 to be 
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dissolved, and more porous can be formed. This phenomenon is similar to section 4.3.1, where 

C-4, which contains more solvent, has the highest porosity and pore volume.  

The thickness of CNF/CA electrodes is shown in Figure 5.12. This graph also shows that 

the thickness also relatively increases with less binder. However, CA-4 is relatively less thick 

when it contains the least binder. The thickness and surface area determine the total volume of 

an electrode (Equation 4.1). However, porosity comes from the electrode void volume and total 

volume (Equation 4.3) when the void volume is determined by subtracting the bulk volume 

from the actual volume (Equation 4.2). Since the bulk volume is calculated by the ratio of solid 

weight and electrode density, the bulk volume value will be low when the binder contained in 

the electrode is low. Consequently, the porosity is high even with a smaller thickness value. A 

thinner structure might happen because of low binder support since the binder amount is 

minimal. 

Then, for representative, CA-1 and CA-3 were arranged into coin cells to test the specific 

capacity of the battery compared to the result of the CNF/PVDF electrode in Chapter 4. The 

result of the specific capacity measurement is displayed in Figure 5.14. The graph shows that 

CA-3, which has a low binder ratio, has a higher specific capacity because when the binder 

ratio is small, there are more exposed CNFs where the reaction occurs, which leads to an 

increase in the specific capacity of the battery. Moreover, compared to CNF/PVDF electrode 

in section 4.3.3, CNF/CA with the same ratio gives 7.44 mA h cm-2 for the value of specific 

capacity, which is similar to the CNF/PVDF electrode. Consequently, CNF/CA can also be 

considered one of the material choices in making an electrode.  
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Table 5.5 Summary of CNF/CA electrode 

Electrode 

No. 

CB : CA : acetone  

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

CA-1 1.0 : 1.0 : 32 

Supercritical drying 40 20.0 
CA-2 1.0 : 0.5 : 32 

CA-3 1.0 : 0.3 : 32 

CA-4 1.0 : 0.1 : 32 
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Figure 5.7 CNF/CA electrode (CA-1): a) Top view images, b) surface SEM images, and c) 

cross-section SEM images 
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Figure 5.8 CNF/CA electrode (CA-2): a) Top view images, b) surface SEM images, and c) 

cross-section SEM images 
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Figure 5.9 CNF/CA electrode (CA-3): a) Top view images, b) surface SEM images, and c) 

cross-section SEM images 
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Figure 5.10 CNF/CA electrode (CA-4): a) Top view images, b) surface SEM images, and c) 

cross-section SEM images 
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Table 5.6 Porosity calculation of CNF/CA electrode with different amount of CA 

Sample 

 No. 

Mass 

(g) 

Top  

Area 

 (cm2) 

Thickness 

 (mm) 

Total 

Volume 

 (cm3) 

Density 

 (g cm-3) 

Void  

volume  

(cm3) 

Porosity 

Pore 

Volume 

(cm3 g-1) 

CA-1 0.060  8.724  11.819  1.031  0.058  0.992  0.962  16.520  

CA-2 0.045  7.209  12.436  0.897  0.051  0.869  0.969  19.128  

CA-3 0.040  8.537  13.110  1.119  0.036  1.096  0.979  27.310  

CA-4 0.034  8.754  12.366  1.083  0.031  1.064  0.983  31.383  
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Figure 5.11 Porosity of CNF/CA electrode fabricated with different amount of CA 
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Figure 5.12 Thickness of CNF/CA electrode fabricated with different amounts of CA 
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Figure 5.13 Pore volume of CNF/CA electrode fabricated with different amount of CA 
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Figure 5.14 Specific capacity of CNF/CA electrode with the ratio of CNF:CA=1:1 (CA-1, 

red) compared to the ratio of CNF:CA=1:0.3 (CA-3, green) 
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5.3.3 Low-pressure drying 

Low-pressure drying was conducted to investigate whether it is possible to get a highly 

porous electrode at a low pressure higher than atmospheric pressure. The summary of this 

experiment is displayed in Table 5.7.  

These electrodes' top view, surface SEM, and cross-section SEM images are shown in 

Figure 5.15, Figure 5.16, Figure 5.17, and Figure 5.7. From Figure 5.16, it is clear that below 

the critical pressure, at 5 MPa, the electrode already has fine porous on the surface. However, 

observing the cross-sectional image, the electrode is not expanded as the electrodes dried at a 

pressure higher than critical pressure, in this case, 7.5 MPa in Figure 5.17.  

The porosity calculation is summarized in Table 5.8 and then plotted into a graph in Figure 

5.18, while the thickness and pore volume graph is plotted in Figure 5.19 and Figure 5.20. 

Figure 5.18 shows that the porosity of electrodes fabricated below the critical pressure is lower 

than electrodes fabricated above the critical pressure. On the other hand, electrodes made above 

the critical pressure have high porosity and thickness. This phenomenon is related to the result 

in Chapter, section 3.3.3. In the case of NMP, the solvent's expansion still increases after 

reaching CO2 critical pressure, and the expansion rate becomes stable after reaching 20 MPa. 

However, in using acetone as a solvent, acetone expands after reaching CO2 critical pressure 

increases and falls after reaching 20 MPa. Looking at Figure 3.20, the expansion rates of 

acetone when the pressure is just above the critical pressure and 20 MPa, have similar values.  

In a study of CB/PVDF electrode fabrication with supercritical drying, drying the 

electrodes with different pressure will result in different porosities. When the drying pressure 

is low, the porosity will be low, and when the drying pressure is high, the porosity will also be 

high [2]. However, in this research, using acetone as a solvent for CNF/CA electrode 

fabrication by supercritical drying, drying in relatively low pressure (7.5 MPa) and high 

pressure (20 MPa) result in an insignificant difference in porosity and thickness with an 

increase in pore volume at 7.5 MPa. In conclusion, fabricating CNF electrode in low pressure 

is possible and similar battery performance can be expected when using acetone as a solvent 

for producing electrodes. By utilizing low pressure, energy consumption in increasing pressure 

also can be reduced. Moreover, using acetone as a solvent can shorten the time for electrode 
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production since acetone only needs 1.5 hours to dry, while using NMP as a solvent needs 6 

hours to dry. 

 

 

 

 

 

 

 

 

Table 5.7 Summary of CNF/CA electrodes dried in low pressure 

Electrode 

No. 

CB : PVDF : NMP  

(g/g/g/g) 

Drying condition 

Method 
Temperature 

( °C ) 

Pressure 

(MPa) 

CA-5 1.0 : 1.0 : 32 Evaporation 40 0.1 

CA-6 

1.0 : 1.0 : 32 Supercritical drying 40 

5 

CA-7 7.5 

CA-1 20.0 
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Figure 5.15 CNF/CA electrode dried at 0.1 MPa (CA-5): a) Top view images, b) surface 

SEM images, and c) cross-section SEM images 
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Figure 5.16 CNF/CA electrode dried at 5 MPa (CA-6): a) Top view images, b) surface SEM 

images, and c) cross-section SEM images 
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Figure 5.17 CNF/CA electrode dried at 7.5 MPa (CA-7): a) Top view images, b) surface 

SEM images, and c) cross-section SEM images 
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Table 5.8 Porosity calculation of CNF/CA electrode dried at low pressure 

Sample 

 No. 

Mass 

 (g) 

Top  

area  

(cm2) 

Thickness  

(mm) 

Total  

volume  

(cm3) 

Density 

 (g cm-3) 

Void  

volume  

(cm3) 

Porosity 

Pore 

Volume 

(cm3 g-1) 

CA-5 0.059  8.412  0.579  0.049  1.219  0.010  0.210  0.172  

CA-6 0.061  13.270  1.635 0.217  0.281  0.178  0.818  2.915  

CA-7 0.060  9.315  12.657  1.179  0.050  1.140  0.967  19.158  

CA-1 0.060  8.724  11.819  1.031  0.058  0.992  0.962  16.520  
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Figure 5.18 Porosity of CNF/CA electrode fabricated with at low pressure and high pressure 
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Figure 5.19 Thickness of CNF/CA electrode fabricated at low pressure and high pressure 
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Figure 5.20 Pore volume of CNF/CA electrode fabricated at low pressure and high pressure 
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Chapter 6  Conclusion 

6.1 Summary of this work 

This work can be summarized as follows: 

(1) A slow pressurization rate leads to high solvent expansion and a slower formation of 

homogeneous phase because of slower CO2 intake. (Chapter 3) 

(2) CO2 and NMP under high temperatures show no substantial impact on solvent expansion 

rate. However, due to reduced CO2 density, CO2 intake into the solvent is slower, resulting 

in a slower-to-form homogeneous phase. The solvent expansion of ethanol and acetone, on 

the other hand, decreases significantly with rising temperature because their vapor pressure 

increases dramatically at high temperatures, and solvents evaporate faster, reducing the 

expansion rate. (Chapter 3). 

(3) Varying solvents have different expansion rates and durations, resulting in a homogeneous 

phase. Acetone with high vapor pressure creates a homogeneous phase more quickly. 

Furthermore, the dielectric constant or polarity and the vapor pressure influence the solvent 

expansion rate. (Chapter 3) 

(4) A small amount of solvent leads to a faster expansion rate and a slower formation of a 

homogeneous phase. The CO2 outlet flow rate does not affect the solvent expansion rate or 

the time required to establish a homogeneous phase. (Chapter 3) 

(5) The solvent amount in supercritical drying affects the porosity of electrodes. Where a 

higher amount of solvent results in higher porosity. Moreover, drying temperature does not 

significantly impact porosity, but drying at high temperatures can result in the cracking of 

electrodes. (Chapter 4) 

(6) Carbon nanofiber electrode delivers higher specific Li-O2/CO2 battery capacity because it 

has a more approachable reaction site, while carbon black electrode has less because PVDF 

covers them. Carbon nanofiber's mechanical strength can increase the battery's cyclability 

and endure ten cycles. (Chapter 4) 

(7) Carbon nanofiber electrode produced by supercritical CO2 enhances porosity considerably. 

Although mixing NMP with acetone as a solvent for constructing electrodes does not 

dramatically modify porosity, thickness is increased due to the presence of acetone, as 

described in point (3). (Chapter 5) 
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(8) CNF/CA electrodes give a high porosity of over 95%. The porosity does not differ much 

with various amounts of a binder. Furthermore, CNF/CA and CNF/PVDF electrodes with 

the same ratio give similar results in the specific capacity of the batteries. (Chapter 5) 

(9) Even though a study explains that the porosity of electrodes using NMP as the solvent and 

made by supercritical drying is affected by drying pressure, electrodes using acetone as the 

solvent is not significantly affected by drying pressure. Therefore, CNF/CA with acetone 

as a solvent can be considered an alternative for making highly porous electrodes, 

accounting for efficient drying time, lower energy consumption (low pressure can be used), 

and excellent battery performance. (Chapter 5) 

6.2 The direction of future work 

Although much data can be retrieved for solvent expansion, using the latest technology in 

computing science, it will be handy if calculation and fitting for supercritical CO2 parameters 

can be estimated to control the porosity and thickness of the material by simulation or machine 

learning. Furthermore, it will also be beneficial if we can get data on what combination of 

conductive materials, binders, and solvents will be better for the battery system by machine 

learning or simulation.  
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