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Abstract 

The objective of this dissertation is to characterize the positive electrode wettability and 

its effects on the performance (e.g., discharge capacity) of Li−O2 batteries. The investigations 

include an experimental study of discharging electrodes with various wettabilities, proposing and 

examining the intermittent discharge strategy, and the numerical simulation of the distribution of 

the electrolyte at various saturations and of the discharge performance of Li−O2 batteries at the 

pore scale. Future work will measure the structure of positive electrodes using advanced imaging 

technology such as transmission X-ray microscopy. 

First, I fabricated the electrodes and adjusted their wettability by mixing acetylene black 

carbon particles with various binders. The wettability was quantitatively characterized by the 

contact angle and ionic resistance. The customized electrodes were then discharged in Li−O2 

batteries at 0.1 mA/cm2 through which the relationship between electrode wettability and 

discharge capacity was obtained. The discharge capacity of the electrode with 15% PVDF 

(36.5°) binder was 1665.8 mAh/g while the customized electrode with 15% PTFE (128.4°) 

binder had a discharge capacity of 4160.8 mAh/g. The effects of lyophobicity on O2 transfer in 

the porous electrode have been proved. A positive electrode with mixed wettability was designed 

and tested, which acquired the highest specific discharge capacity of 5149.5 mAh/g. The 

structure of this electrode included two lyophobic carbon coatings on top and bottom and one 

lyophilic carbon coating in the middle. Further design may focus on appropriately configuring 

the wettability to balance the gas paths for O2 diffusion and wetted area for reaction sites. 

A novel strategy for discharging Li−O2 batteries was then proposed and identified. The 

battery was periodically discharged and rested, which can enhance O2 availability and increase 

the discharge capacity. Periodically resting the battery increased the specific discharge capacity 
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by at least 50% at various current densities (0.1 - 1.5 mA/cm2). Afterward, the investigation 

combined the electrode wettability and the intermittent strategy. Compared with the continuous 

strategy, the capacity of lyophobic electrodes increased by over 100% when the intermittent 

strategy was applied. Besides, a multi-step discharge strategy can provide greater capacity when 

the battery is discharged at decreasing current rates (2.0, 1.5, and 1.0 mA/cm2). The importance 

of O2 diffusion is emphasized and provide practical strategies are proposed to improve the deep 

discharge capacity of Li-O2 batteries, especially at high current rates (> 1.0 mA/cm2).  

Finally, a numerical study was conducted to investigate the electrode with different 

saturations of the electrolyte. The effects of electrolyte saturation levels and the distribution of 

electrolyte have been demonstrated by comparing the corresponding discharge performance of 

Li-O2 batteries. It was found that fully saturated electrodes (100% saturation) have high oxygen 

transfer resistance, which will result in the lowest discharge capacity of 7.41 Ah/g. On the 

contrary, over-dried battery (with < 50% saturations) electrodes have poor electrochemical 

performance since dry pores are inactive for electrochemical reactions. Carefully designed 

electrodes with a mixture of hydrophilic and hydrophobic pores could achieve a discharge 

capacity (> 7 Ah/g) at high current (20 A/m2) similar to hydrophilic electrodes which are fully 

saturated by the electrolyte at low current (1 A/m2). The modeling study found that designing the 

electrode with a mixture of lyophilic and lyophobic pores is critical to significantly increasing 

(by orders of magnitude) the operating current and power of the Li–O2 battery. In the future, 

plans are to characterize the geometry of the positive electrode using the imaging techniques 

(e.g., transmission X-ray microscopy) and gas sorption method. Based on the characterization of 

the porous structure, the relationship between the porous structure and the mass transport 

phenomena will be clarified. 
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Chapter 1: Introduction 

1.1 Background 

The current growth of the economy and population results in an increasing consumption 

of fossil fuels for personal transportation. The electric vehicle (EV) has been playing an 

important role in mobility in recent years [1]. Even though the usage of EV is more popular, 

driving range anxiety is a major obstacle for the development of EVs. Li-ion batteries have been 

widely applied to power EVs. Li-ion batteries utilize an intercalated lithium compound as the 

positive electrode. Thus, the energy density (e.g. energy per mass) is given by the storage 

capacity of lithium. However, the current Li-ion batteries cannot fully satisfy the EVs since its 

energy density is limited by the intercalation chemistry [2-3]. This can be one of the most crucial 

driving-force for innovative battery technologies. Nowadays, advanced battery technologies are 

being continuously developed [4-9]. Rechargeable batteries with a higher energy density and 

lower cost are the main targets of current research. The Li−O2 battery is one of the candidates 

that are promising to offer solutions for improvements in the energy density of batteries. 

The Li−O2 battery is similar to the Li-air battery under the assumption that oxygen is 

taken from the ambient atmosphere. Since the CO2 and H2O from the atmosphere can 

contaminate the battery by reacting with active materials [10], a rechargeable Li-air battery has 

not been realized by the current time. Most of the investigations of Li−O2 batteries have so far 

been conducted in the pure O2 atmosphere [11-12]. As a result, the term of Li−O2 battery is 

presented throughout this dissertation.  Typically, four types of Li−O2 batteries have been 

categorized based on the electrolytes utilized in them [8, 13-14]. The all-solid-state Li−O2 

battery is troubled with a low ionic conductivity of the electrolyte [9, 15-16]. The energy density 

of aqueous Li−O2 battery is limited by the solubility of discharge products and the weight of the 
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negative electrode protection membrane [17-19]. This also negatively affects the hybrid 

aqueous/aprotic Li−O2 battery. Therefore, the study has mainly focused on the aprotic Li−O2 

battery in this dissertation. 

The rechargeable aprotic Li−O2 battery was originally demonstrated and reported by 

Abraham and Jiang [20]. Basically, the current aprotic Li−O2 battery consists of a lithium 

negative electrode, an aprotic electrolyte dissolving with a lithium salt and a porous carbon 

positive electrode soaked by the electrolyte, which is shown in Figure 1. When the Li−O2 battery 

is discharged, the Li metal is oxidized at the negative electrode to generate Li+ that transfers 

through the electrolyte and reaches the porous positive electrode. The Li+ reacts with O2 from the 

atmosphere or gas channels and generates Li2O2 at the positive electrode. The charging process 

is performed via the decomposition of Li2O2. The Li metal is deposited on the negative electrode 

and the O2 is released at the positive electrode. The specific energy of a Li−O2 battery is 

estimated to be 3330 Wh/kg on the basis of 1 kg active material of Li2O2. The discharging and 

charging processes are represented by the following reactions. Therefore, the ideal overall 

reaction is depicted in reaction 1.3 and the reversible cell voltage is 2.96 VDC [21].  

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒: Li 
     Charge
←        

Discharge
→          Li+ + e−                                                (1.1) 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒: O2 + 2e− + 2Li+ 
     Charge
←        

Discharge
→          Li2O2 (s)                               (1.2) 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 2Li + O2 
     Charge
←        

Discharge
→          Li2O2 (s)                                        (1.3) 
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Figure 1: The schematic of an aprotic Li−O2 battery. 

 
 

 

1.2 Challenges 

Recently, researchers have made numerous achievements to further develop Li−O2 

technology. For example, various aprotic electrolyte solvents and positive electrode materials for 

Li−O2 batteries have been found to meet the required electrochemistry of both discharging and 

charging processes [22-26]. However, several unresolved fundamental issues are hindering the 

realization of Li−O2 batteries, which have been summarized in Figure 2. Several studies have 

demonstrated that Li negative electrode can react with aprotic electrolytes, which reduces the 

capacity and cycling life of Li−O2 batteries [9, 27-28]. Moreover, Li dendrites forming during 

the discharging and charging processes can penetrate the separator and cause a short circuit. This 

may threaten battery safety and degrade its performance [29-30]. The electrolytes play a 

significant role in aprotic Li−O2 batteries and should have two main functions in mass transfer: 

(i) transport the Li+ from the negative electrode to the positive electrode for the oxygen reduction 

reaction (ORR); (ii) dissolve the O2 and then transport it to the reaction sites to participate the 
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ORR. The stability of aprotic electrolytes is a major concern in developing Li−O2 batteries. For 

example, propylene carbonate (PC) was once considered a promising carbonate-based electrolyte 

since it had the advantages of low volatility and good capability of Li+ transport [31-32]. 

Unfortunately, PC has been found to be unstable because it is decomposed by Li2O2 [33] and the 

observation of Li2CO3 as the main product after discharge directly has been proved [34]. Even 

though dimethyl sulfoxide (DMSO) leads to a solution mechanism of the discharge process and 

increase the discharge capacity [35], the formation of LiOH is caused by the reaction between 

DMSO and Li2O2 [36]. The discharge product of Li2O2 is a wide-bandgap insulator and forms as 

a conformal film at the positive electrode due to its insolubility in aprotic electrolytes. 

Researchers have confirmed that the exchange current density falls rapidly and then the battery 

suffers from a “sudden death” when the Li2O2 film grows to ~5 nm [37-38]. In other words, the 

accumulation of Li2O2 passivates the positive electrode and shortens the discharging process. 

Besides, less effective transportation of O2 and Li+ limits the performance of Li−O2 batteries, 

which is associated with lower solubility and diffusivity of O2 and Li+ in aprotic electrolytes and 

an inappropriately-structured porous carbon electrode. 

 

Figure 2: Critical challenges facing Li−O2 batteries. 

These fundamental challenges regarding three major components, especially at the 

positive electrode, hinder the development of Li−O2 technology. As a results, the high-energy-
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density, stably-operated Li−O2 batteries may not be realized without overcoming those 

limitations. It is necessary to address those challenges on both theoretical and engineering 

aspects, significantly motivating this study. Therefore, this study concerns a need for positive 

electrode configuration and engineering to achieve a high-capacity Li−O2 battery at high current 

density. 

1.3 Electrode Surface Area 

Studies targeting to improve the practical energy density of Li−O2 batteries typically 

tackle with the positive electrode. The electrode serves as a reservoir to accommodate insoluble 

discharge products (i.e., Li2O2) [39]. Previously, it assumed that pore-clogging can be the main 

factor resulting in the “cell death” in the Li−O2 battery [40]. The porous electrode cannot provide 

enough space to accommodate the discharge product so that the discharge capacity of the Li−O2 

battery is limited. However, several studies [41-42] showed that the passive layer of discharge 

products was regarded as the main factor to determine the discharge capacity of the Li−O2 

battery. In our previous study [43], the discharged electrodes were measured by the scanning 

electron microscope (SEM). Results showed that the discharge current affected the morphology 

of the main discharge product (Li2O2). At low current, the needle-like particles were detected 

while the film-like discharge products were deposited at high current on the electrode surface. In 

addition, the positive electrode derived from metal organic frameworks (MOFs) can also 

increase the capacity of discharge and stabilize the Li−O2 battery discharge voltage plateau due 

to hierarchical mesoporous nanocomposites [44-45]. Hence, it is worthwhile to pay more 

attention to the structure of the porous electrode. 

All the above research suggests that the Li−O2 battery's discharge capacity is proportional 

to active carbon surface of the porous electrode. Access to the electrolyte and O2 should be 
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possible for the active carbon surface referring to the reaction sites. Overall, the capacity for 

discharge should increase as the specific area of the active surface increases. However, in the 

porous electrode, only a few studies focus on the influence of the specific surface area [40, 46-

47]. Meini et al. [46] investigated the effect of the specific surface area of carbon (e.g. Vulcan 

XC 72, BP2000 and KB600) on both the first discharge capacity and the Li−O2 battery cycling 

performance. All electrodes had similar surface-standardized discharge capacities and the 

passivating Li2O2 layer was deposited on the carbon surface. Besides, other studies found that the 

discharge capacity increased with the total volume of mesopores [47] and was proportional to the 

average pore diameter [48]. However, the above studies did not investigate the carbon electrode 

with mixed type of carbons. Zhang et al.[49] paid attention to the use of mixed carbon materials. 

It was found that the carbon mixture of KB600 and Super P could increase the discharge capacity 

by enhancing the O2 mass transport. 

In Paper P5, electrodes were fabricated from different carbons, including both 

commercial carbon blacks (i.e., acetylene black, Super P, and Vulcan XC 72) and carbon 

materials activated from recycled tea leaves. Li−O2 batteries with electrodes coated by those 

carbons were discharged at 0.5 mA/cm2 to examine the effect of specific surface area on the 

discharge capacity. Porous structures of all electrodes were characterized by the N2 

adsorption/desorption technique. A summary of the structural properties of different carbon 

materials is shown in both Table 1. The type IV isotherms are observed clearly for the acetylene 

black and Super P in N2 adsorption/desorption measurement, which indicates mesoporous 

structures in corresponding electrodes. The total specific surface area of ~70 m2/g mainly results 

from mesopores. Isotherms of other carbon samples have the characteristics of both type I and 

type IV, indicating that both the micropores and mesopores exist in samples. For example, 
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activated tea leaves have an extremely high specific surface area of 2868.4 m2/g which is 

confirmed by the previous study [50]. The high specific surface area is due to the large 

proportion of micropores. The microporous specific surface area of the tea carbon is 2091.1 

m2/g. The specific volume of the pores generally shows similar trends to those shown in the 

specific area of the surface. Because of the lack of micro pores, the specific volume of acetylene 

black and Super P carbon is zero. In contrast, Vulcan XC 72 contains micro pores and activated 

tea leaves. When the mass fraction of micro pores increases, it will attribute more specific 

volume of pore to specific volumes of micro pore. 

Table 1: The specific surface area and pore volume of different carbon samples. 

Sample Stotal (m
2/gc) Smicro

a (m2/gc) Sexternal
b(m2/gc) Vtotal (cc/g) Vmicro

c
 (cc/g) 

Acetylene black 76.5 0 76.5 0.25 0 

Super P 60.9 0 60.9 0.16 0 

Vulcan XC 72 264.1 97.5 166.6 0.43 0.05 

Activated Tea leaves 2868.4 2091.1 777.3 1.16 1.03 

 

Li−O2 batteries with electrodes made from commercial carbons are firstly discharged at a 

very high current density of 0.5 mA/cm2. Despite the fact that the Vulcan XC 72 has the largest 

specific surface area, three commercial carbons achieve similar discharge capacities of 2.50 Ah/g 

shown in Figure 3. The previous studies suggest that the carbon electrode with higher 

mesoporous volume can enhance the discharge capacity [51-52]. The volume of micropores has 

no significant impact on the capacity of discharge because the micropores cannot accommodate 

discharge products such as Li2O2. Even the specific mesoporous surface area of Vulcan XC 72 is 

166.6 m2/g, the volume of the mesopore was not fully utilized. The electrode surface of 

mesopores can be active only when it is accessible to O2 and electrolyte. It is speculated that the 

micropores may block the effective use of the mesopores. While numerous efforts have been 
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made to optimize the structure of positive electrodes, it is also important to reduce costs and use 

more natural materials to develop Li−O2 batteries. Carbon materials such as carbon nanotubes 

and graphene can achieve decent discharge capacity, but the high cost has negative effects on the 

Li−O2 battery marketing [24, 53]. Positive electrodes made from natural wood have been utilized 

in Li−O2 batteries[54-55]. As far as reported, the electrode made from activated tea leaves is 

firstly used in Li−O2 batteries though tea leaves have been widely employed to fabricate 

supercapacitor electrodes [50, 56]. However, results prove that larger specific surface area 

cannot help to achieve higher discharge capacity because micropores are unable to accommodate 

Li2O2 and the active surface area are not effectively used. Moreover, it is much difficult to 

exactly measure the porous structure of the activated tea leaves with a high surface area. 

Therefore, I paid more attention to enhancing the mass transport of O2 in positive electrode in 

this dissertation. 

 

 

Figure 3: Discharge curves of Li−O2 batteries with activated tea leaves electrodes and 

commercial carbon electrodes at 0.5 mA/cm2. 
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1.4 Scope of the Dissertation 

This dissertation aims to investigate mass transfer in the positive electrode by analyzing 

the effects of electrode wettability on the performance of Li−O2 batteries. It details both the 

experimental study of examining positive electrodes with various wettability and engineering 

discharge strategies and the numerical study of clarifying the relationship between electrolyte 

saturation levels and discharge capacity of Li−O2 batteries.  

Firstly, the performance of Li−O2 batteries with electrodes of various wettability is 

investigated in Paper P1. Mixing commercial carbon powders with various binders alters the 

wettability of electrodes. To characterize the different wettability of electrodes, the static contact 

angles between the electrode surface and non-aqueous electrolytes, the ionic resistance, and the 

double layer capacitance are measured, respectively. Once the wettability is characterized, the 

deep discharge capacity of all electrodes is obtained and compared. Those results are used to 

analyze the effects of electrode wettability on the deep discharge capacity of Li−O2 batteries. 

Secondly, innovative strategies of discharging Li−O2 batteries are put forward in Paper 

P2, following the previous investigation of electrode wettability. Discharging and resting Li−O2 

batteries is applied to improve the oxygen transfer and utilize more active surface within the 

porous electrode. The performance of Li−O2 batteries has been proven to be enhanced using the 

intermittent strategy at various current densities. Furthermore, I perform experiments to interpret 

the coupled effects of electrode wettability and intermittent discharging strategy. The results 

emphasize the importance of O2 diffusion and provide practical strategies to improve the deep 

discharge capacity of Li-O2 batteries, especially at high current rates. 

On the other hand, the numerical study sheds light on researching the effects of 

electrolyte saturation level on the performance of Li-O2 batteries. I reconstruct pore-scale 
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structures of battery electrodes from SEM images, and quantitatively obtain the distribution of 

the electrolyte at various saturations, and simulate the discharge performance of Li-O2 batteries 

in Paper P3. Since the liquid-gas two-phase mass transfer within the porous electrode plays a 

significant role in the electrochemical performance of batteries, the study focuses on designing 

electrodes the mixture of lyophilic and lyophobic pores. Reasonably designed electrodes can 

enable Li-O2 batteries to achieve decent discharge capacity at high current rates. Findings in 

Paper P3 promote further research to significantly increase (by orders of magnitude) the 

operating current and power of the Li–O2 battery and accelerate its deployment to transport and 

stationary applications. 

Imaging techniques are widely employed in the research work. The work in Paper P4 

presents a predictive tool to investigate the stagnant thermal conductivity of porous materials. I 

use the micro-CT to obtain the structure of the aluminum foam and develop the model based on 

the random walk theory. The importance of imaging technology has been proven in this work. 

Therefore, I am now trying to obtain the structure of the positive electrode using the transmission 

X-ray microscopy located at the Advanced Photon Source of Argonne National Laboratory. The 

ongoing project shows great potential that the transmission X-ray microscopy can measure the 

detailed pore-scale geometry of samples in a few minutes. The measuring time is critical for in 

situ experiments that capture evolutions of pore-scale geometries. I will exploit more in this 

researching field in future work. 

Overall, this dissertation is presented based on published articles. Chapter 2 and 

Chapter 3 focus on the experimental study. Chapter 2 outlines the fabrication of electrodes 

with different wettability, methods of characterizing the wettability, the prototype of Li-O2 

batteries, experimental setups of testing Li-O2 batteries and instruments utilized in post-



11 

 

processing of discharged electrodes (Papers P1 and P2). Chapter 3 and Chapter 4 includes key 

results and discussion of the effects of electrode wettability and intermittent discharging 

strategies (Papers P1 and P2), respectively. Chapter 5 is dedicated to simulate electrodes at 

different saturating levels and map electrolyte distribution in the porous electrode (Paper P3). 

Chapter 6 introduces a predictive tool that is based on random walk theory. The importance of 

imaging techniques is addressed in this chapter. The micro-CT can measure the structure of 

aluminum foams. At the same time, I am making efforts to measure the geometry of positive 

battery electrodes using the transmission X-ray microscopy. This method is still under 

development will be further studied in the future. Chapter 7 contains a summary and an outlook, 

which is followed by references for all chapters. Overall, this dissertation begins with a brief 

introduction, followed by a summary of the experimental methodology. The core of this 

dissertation is the discussion of key results in Papers P1, P2, P3, and P4, respectively. Finally, 

this dissertation ends with a summary. Note that the definitions of variables have been 

introduced in the corresponding papers. 
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Chapter 2: Experimental Methodology 

Chapter 2 presents the experimental methods utilized in this dissertation, which are 

adapted from Papers P1 and P2. The descriptions mainly include positive electrode preparation, 

pre-characterization of the electrode, discharging-charging test, and post-characterization of the 

electrode.  

2.1 Positive Electrode 

The positive electrode typically consists of a carbon cloth substrate and three coating 

layers. AvCarb 1071 HCB plain carbon cloth fabric purchased from the Fuel Cell Store is used 

as the substrate of the customized electrode at the positive electrode. Coating layers are made of 

commercial carbon powers and binders. Conductive acetylene black (purchased from MTI 

Corporation) is mixed with various mass fractions of polytetrafluoroethylene (PTFE) binder. 

Afterward, the mixture is dissolved in an ethanol solution to form the carbon slurry. The 

substrate carbon cloth is dipped into the carbon slurry and dried in the atmosphere for 24 h. 

Then, the coated electrode is heat-treated at 350°C for 30 min. This heat treatment is to ensure 

the uniform distribution of the binder and avoid its degradation. The PTFE mass fractions in 

those customized electrodes are 5%, 15%, 25% and 35%, respectively. Similarly, electrodes with 

15% polyvinylidene fluoride (PVDF) carbon coatings and electrodes with mixed carbon coatings 

(both 15% PTFE and 15% PVDF) are prepared following the same procedure. The structures of 

electrodes are described in Figure 4. The measured carbon weight of each fabricated electrode is 

~3 mg. A higher carbon loading will result in cracks within the electrode. Before the battery 

assembly, all electrodes are stored in the glovebox where the H2O and O2 contents are below 1 

ppm. 
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Figure 4: Structural views of customized electrodes using (a) PTFE binder, (b) PVDF binder, (c) 

mixed binders I (PTFE+PVDF+PTFE) and (d) mixed binders II (PVDF+PTFE+PVDF).  

 

2.2 Lab-scale Li−O2 Battery 

The prototype of the Li−O2 battery shown in Figure 5 has been extensively used in the 

research. The battery consists of two current collectors, a lithium chip negative electrode with a 

diameter of 1.56 cm, a porous positive electrode, a gasket (to prevent short between two 

electrodes), an O-ring (to seal the battery), and a separator. Two valves are installed at the inlet 

and outlet of the positive electrode current collector. Oxygen is supplied through the inlet during 

discharge-charge cycle tests. The current collectors on both the negative electrode and positive 

electrode sides are home-designed and made from highly corrosion-resistant Grade 2 titanium 

purchased from McMaster-Carr. The open ratio of the oxygen diffuser is 50% and the separator 

is a Whatman GF/B glass fiber filter from Fisher Scientific with a diameter of 2.1 cm. The 

lithium chip is purchased from MTI Corporation. The battery is then constructed by sandwiching 

the oxygen diffuser, a customized positive electrode, a separator and a lithium chip in the battery 

frame. All batteries are assembled in the glove box by adding 60 μL of electrolyte in the 

separator and in the positive electrode, respectively. Adding the electrolyte separately can 
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guarantee a better distribution of electrolyte, and, therefore a good ionic conductivity. The 

electrolyte used in Papers P2 and P3 is 1 mol/L bis(trifluoromethane) sulfonimide lithium salt 

(LiTFSI) in tetraethylene glycol dimethyl ether (TEGDME). The concentration of the electrolyte 

has been studied and optimized in our previous study [57]. 

 

Figure 5: The schematic of lab-scale Li−O2 battery.  

2.3 Discharge-charge Test 

Assembled batteries are moved to the test station from the glovebox with all the valves 

closed to prevent H2O and CO2 contamination. Batteries are purged by pure oxygen for 30 s and 

rested for one hour before starting the discharge and charge cycles. The pure oxygen is supplied 

at a flow rate of 0.5~1.2 sccm. Besides, the pressure of the pure oxygen is maintained at 10 kPa 

gauge pressure using a pressure controller (T-68027-64, Cole-Parmer) and a flow controller (T-

32907-55, Cole-Parmer). The discharge-charge tests are performed using a 4-channel Arbin 

MSTAT4 battery tester at room temperature. The cut-off potentials are 2.0 VDC and 4.5 VDC 

for discharging and charging, respectively. The current densities of galvanostatic tests range 

from 0.1 mA/cm2 to 2 mA/cm2. The geometric surface area for calculating the current density is 
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1.27 cm2, which is used throughout the dissertation. The cycling performance of Li−O2 batteries 

includes the first discharge-charge cycle and multi-cycling with a cut-off capacity. All 

experimental cases are summarized in Table 2. 

Table 2: A summary of experimental cases. 

Electrode Current Density Strategy 

5% PTFE 0.1 mA/cm2 Continuous Discharge 

15% PTFE 0.1 mA/cm2 Continuous Discharge 

25% PTFE 0.1 mA/cm2 Continuous Discharge 

35% PTFE 0.1 mA/cm2 Continuous Discharge 

15% PVDF 0.1 mA/cm2 Continuous Discharge 

15% Mixed I 0.1 mA/cm2 Continuous Discharge 

15% Mixed II 0.1 mA/cm2 Continuous Discharge 

15% PTFE 0.1 mA/cm2 (50min) – 0 mA/cm2 (10min) Intermittent Discharge 

15% PTFE 0.5 mA/cm2 Continuous Discharge 

15% PTFE 0.5 mA/cm2 (10min) – 0 mA/cm2 (10min) Intermittent Discharge 

15% PTFE 1.0 mA/cm2 Continuous Discharge 

15% PTFE 1.0 mA/cm2 (5min) – 0 mA/cm2 (10min) Intermittent Discharge 

15% PTFE 1.5 mA/cm2 Continuous Discharge 

15% PTFE 1.5 mA/cm2 (4min) – 0 mA/cm2 (10min) Intermittent Discharge 

15% PTFE 2.0 mA/cm2 Continuous Discharge 

15% PTFE 2.0 mA/cm2 (2.5min) – 0 mA/cm2 (10min) Intermittent Discharge 

15% PTFE 2.0 mA/cm2 -1.5 mA/cm2 -1.0 mA/cm2 Muti-step Discharge 

15% PVDF 1.0 mA/cm2 Continuous Discharge 
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15% PVDF 1.0 mA/cm2 (5min) – 0 mA/cm2 (10min) Intermittent Discharge 

Mixed I  1.0 mA/cm2 Continuous Discharge 

Mixed I 1.0 mA/cm2 (5min) – 0 mA/cm2 (10min) Intermittent Discharge 

Mixed I 1.0 mA/cm2 (10min) – 0 mA/cm2 (10min) Intermittent Discharge 

Mixed I 1.0 mA/cm2 (2min) – 0 mA/cm2 (10min) Intermittent Discharge 

Mixed I 1.0 mA/cm2 (5min) – 0 mA/cm2 (5min) Intermittent Discharge 

Mixed I 1.0 mA/cm2 (5min) – 0 mA/cm2 (15min) Intermittent Discharge 

Mixed I 

1.0 mA/cm2 

1000 mA h/g cut-off capacity 

Multi-cycle 

Mixed I 

1.0 mA/cm2 (5min) – 0 mA/cm2 (5min) 

1000 mA h/g cut-off capacity 

Multi-cycle 

Mixed I 

0.1 mA/cm2 

1000 mA h/g cut-off capacity 

Multi-cycle 

PTFE 15% 

0.1 mA/cm2 

1000 mAh cut-off capacity 

Multi-cycle 

PTFE 15% 0.1 mA/cm2 First-cycle 

PVDF 15% 0.1 mA/cm2 First-cycle 

Mixed I 0.1 mA/cm2 First-cycle 

Li chip 0.1 mA/cm2 Multi-cycle 

Li chip 1.0 mA/cm2 First-cycle 

Li chip 5.0 mA/cm2 First-cycle 

Li chip 10.0 mA/cm2 Multi-cycle 

Note: Mixed I and Mixed II electrodes are displayed in Figure 4. The current density is based on 

the geometric surface area of 1.27 cm2. 
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2.4 Pre-characterization Methodology 

2.4.1 Wettability Measurement. To quantify the wettability of the electrode, both 

surface and internal measurements are conducted. The static contact angle (to be maintained for 

120 s) is defined to quantify the surface wettability between 1 M LiTFSI/TEGDME and surfaces 

of customized electrodes. The measurement is done using Ramé-hart Model 190 Contact Angle 

Goniometer at the room temperature. The volume of electrolyte drop is 5 µL and each 

measurement is conducted at three different locations to guarantee the consistency. Besides, I 

apply the electrochemical impedance spectroscopy (EIS) measurement to the internal wettability 

using the SP 150 potentiostat from BioLogic Science Instrument. The equivalent ionic resistance 

of each electrode is obtained and compared. In addition, double layer capacitance of each 

electrode is measured by cyclic voltammetry (CV) tests performed from -0.2 to 0.2 VDC at the 

scanning rate of 0.2 VDC/s. The trend of wettability difference among all electrodes can be 

confirmed even though larger errors appear in the double layer capacitance measurement. 

2.4.2 Pore Size Analysis. The porous structure of the positive electrode plays an 

important role in Li−O2 batteries due to its dual functions. The O2 and Li+ are transported to the 

reaction sites in the positive electrode. At the same time, the discharge product of Li2O2 is 

accommodated in the positive electrode. The N2 gas adsorption/desorption method is used to 

measure the pore size distribution, specific surface area, and pore volume of carbon samples in 

this dissertation. The physisorption measurement is performed at 77 K by the surface and pore 

size analyzer (NOVAtouch N2TLX – 1, Quantachrome Instrument, U.S.). All samples are 

degassed at 300 °C for 3 hours before adsorption/desorption measurements. Degassing the 

sample in the above manner (at 300 °C for 3 hours) fully removes the moisture since the water 

content will greatly affect the gas sorption measurement. The amount adsorbed vs. the adsorptive 
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pressure (P), relative to the saturated vapor pressure over the bulk liquid (P0) is obtained and 

used as isotherms of the adsorption and desorption. The surface area is analyzed by the 

Brunauer, Emmet, and Teller (BET) method, the pore size distribution is evaluated by the 

Barrett, Joyner, and Halenda (BJH) and the Density Function Theory (DFT) methods. 

2.5 Electrode Surface Characterization 

The scanning electron microscopy (SEM) images of customized electrode surface are 

scanned using FEI Versa 3-D Dual Beam Electron Microscopy. SEM images of both fresh 

electrodes and discharged electrodes are obtained. For all samples, measurements are conducted 

in high vacuum at 10 kV accelerating voltage. Preparations for imaging vary somewhat between 

different samples. The sample of the fresh electrode is stuck on the sample holder by a carbon 

tape. The discharged electrode is rinsed by the electrolyte to remove the unnecessary glass fibers, 

after which portions of the discharge electrode is stuck on the sample holder as well. 

In chapter 2, the experimental methodologies in this dissertation have been introduced. 

Positive electrodes with various wettability are fabricated by mixing acetylene black carbon with 

PTFE (and/or PVDF) binders. The wettability is characterized by the surface contact angle, ionic 

resistance and double layer capacitance. All positive electrodes are discharged using the self-

designed Li−O2 batteries at different experimental conditions. Moreover, the gas 

adsorption/desorption techniques are utilized to characterize the porous structure of the positive 

electrodes, obtaining the pore volume, pore size distribution and specific surface area. In general, 

the experimental methodologies mentioned in this chapter benefits the experimental research as 

well as the numerical study in this dissertation. 
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Chapter 3: Experimental Study of Electrodes with Various Wettability 

This chapter is adapted from Paper P1.  

3.1 Introduction 

The investigation of electrode wettability is critical to understand the two-phase mass 

transfer in the porous positive electrode. Reaction 1.2 indicates that the O2 is diffusing into the 

electrode and then reduced into Li2O2 at the reaction sites. During the operation of a Li−O2 

battery, ORR can only happen at the region where the electrode surface is wetted by the 

electrolyte. Therefore, wetting pores are necessary for discharging Li−O2 batteries. Even though 

the dissolved O2 and Li+ in the electrolyte participate in the ORR, the saturated electrode with all 

pores wetted is undesirable. The solubility and diffusivity of O2 in aprotic electrolytes are far 

from the requirement of operating the Li−O2 battery practically [58-61]. The saturated electrode 

reduces O2 accessibility at the reaction sites. Subsequently, the discharge current density 

decreases and the ORR will be quickly terminated. Therefore, O2 availability for the ORR is 

determined by both diffusions in non-wetting and wetting pores and solubility in the electrolyte. 

The improvement of O2 solubility in aprotic electrolytes may require a breakthrough in material 

research in the future. Meanwhile, increasing the O2 diffusion is the other way to provide more 

O2 for the ORR. The O2 diffusion coefficient in the air is 104 higher than that in the liquid 

electrolyte [62]. Thus, constructing a porous electrode with a reasonable distribution of wetting 

and non-wetting pores can significantly improve the O2 diffusion, increasing the operating 

current density of Li−O2 batteries. Paper P1 focuses on alternating the electrode wettability and 

quantitatively compare the discharge performance of Li−O2 batteries with various electrode 

wettability. 
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Many studies have paid considerable attention to the O2 diffusion in the porous positive 

electrode since the O2 diffusion in the porous positive electrode is critical for the discharge 

capacity of Li−O2 batteries [49, 54, 63-65]. The O2 diffusion in the porous positive electrode are 

related to carbon loading[66], pore clogging induced by the deposition of solid lithium 

peroxide[38, 67-69], and the partial pressure of oxygen[58]. In addition, the wettability between 

the electrolyte and electrode also significantly affects the performance of Li−O2 batteries because 

the O2 diffusion coefficient in air is several orders of magnitude higher than that in the liquid 

electrolyte. The electrolyte contact angle on the carbon electrode surface increases when the 

difference between the electrolyte and the carbon electrode is greater in the dielectric constant. 

The larger contact angle electrolyte is less likely to humidify the carbon electrode. Xu et al. [64] 

show that the wettability affects the O2 diffusion in the porous electrode, which then influences 

the discharge and charge capacity. The measured contact angles between various non-aqueous 

solvents and the surface of both carbon and Teflon show that the discharge capacity is improved 

when the contact angle increases. For example, the contact angle of 1M LiTFSI in PC / ethylene 

carbonate (EC) (1:1 wt%) on the surface of carbon is 47°. Another contact angle of 1M LiTFSI 

in PC / dimethoxyethane (DME) (1:1 wt) on the surface of carbon is 5°. The discharge capacity 

decreases from 167.5 mAh/g to 27.4 mAh/g when the contact angle decreases from 47° to 5°. 

Binders such as PVDF and PTFE are used to combine different types of small particles together 

and adjust the wettability of the positive electrode in Li−O2 batteries. Moreover, the electrode 

made from Super P carbon mixed with PTFE (8:2 wt%) has the contact angle of 99° while the 

electrode consisting of KB 600 carbon mixed with PTFE (8:2 wt%) has the contact angle of 56°. 

On the other hand, strongly lyophobic electrodes may deteriorate the discharge−charge 

performance. The Li−O2 battery with a lyophobic electrode (99°) obtains a higher discharge 
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capacity of 3175 mAh/g. However, the discharge capacity is only 798 mAh/g when the electrode 

is lyophilic [49]. Based on the research conducted by Chen et al. [65], electrodes with strong 

lyophobicity may deteriorate the discharge-charge performance. Experimental data show that the 

specific discharge capacity increases from 1365 to 2365 mAh/g when the PTFE mass fraction 

increases from 0 to 30%. However, the electrode composed of 40 wt% PTFE reduces the specific 

discharge capacity to 2130 mAh/g. The PTFE mass fraction should be optimized because of a 

higher PTFE content will reduce the amounts of wetting pores, which are necessary for the 

electrochemical reactions. 

The non-wetting pores result from the lyophobicity while the wetting pores are related to 

the lyophilicity. Due to the significant difference of O2 diffusivity between wetting and non-

wetting pores, a reasonable construction of electrode wettability may potentially both facilitate the 

O2 diffusion and reserve adequate reaction sites for Li−O2 batteries. The wettability of electrode 

was adjusted by mixing carbon powders with different binders (PTFE and PVDF) at various 

weight ratios. The stability of binders has been systematically examined[70] in the presence of 

commercial Li2O2, which showed that PVDF was unstable because of the presence of highly 

electron-withdrawing functional groups and an α or β hydrogen atom next to them. The PTFE 

binder was demonstrated to be stable in the presence of Li2O2. In addition, the PVDF binder was 

confirmed to degrade in Li−O2 batteries[71]. The products formed in the PVDF degradation was 

measured by Raman spectroscopy and showed the Raman shifts of ~1123 and 1525 cm-1. However, 

the degradation can be prevented by drying the electrode under higher temperature such as 200 

°C. Thus, the stability of PTFE and PVDF binders can be guaranteed in this study if the electrodes 

are prepared according to the process in experimental section. Therefore, the study in Paper P1 

has conducted a systematic investigation of the effects of electrode wettability toward organic 
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electrolyte (including both lyophilicity and lyophobicity) and its effects on the deep discharge 

capacity of Li−O2 batteries. The study sheds light on criteria to improve the O2 diffusion and 

increase the specific discharge capacity of Li−O2 batteries. 

  

3.2 Results and Discussion 

3.2.1 Surface Wettability. The contact angle shown in Figure 6 is measured as the angle 

where a liquid or a vapor interacts with a solid surface. The angle represents the wettability of a 

solid surface wetted by a liquid via the Young equation. The surface wettability of the electrode 

in the Li−O2 battery is often quantified by the contact angle measurement [72-74]. A high 

contact angle indicates that the liquid droplet will maintain the droplet form. A low contact angle 

indicates that the surface has the high wetting ability and the water droplet spreads out more on 

the surface. The difference between the solid surface energy and the surface tension of a liquid 

will affect the wettability of the solid to the liquid. The liquid with a larger contact angle is less 

likely to wet the solid surface. 

 

Figure 6: Schematic of a liquid drop showing a contact angle in Young’s equation. 

In paper P1, the static contact angle is applied to characterize surface wettability of 

electrodes with various content of PTFE and PVDF binders. Figure 7 shows static contact angles 

of 1 M of LiTFSI/TEGDME electrolyte (5 µL per drop) dropped on the surfaces of electrodes. The 

electrode containing the PTFE binder has higher surface energy than the PVDF binder. The 
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measurement of static contact angle is unsuccessful when the electrolyte drop is dripped on the 

surface of customized electrode containing 5% PTFE because the electrolyte droplet quickly 

spreads into the electrode. It indicates that the surface of 5% PTFE is lyophilic and is more easily 

wetted by the electrolyte. When the PTFE content increases from 15% to 35%, the electrode 

becomes more lyophobic and the static contact angle increases from 128.4° to 138.5°. The mixed 

I electrode, which consists of one 15% PVDF coating sandwiched by two 15% PTFE coatings, 

displays a slightly lower static contact angle (118.8°) than the electrode with 15% PTFE. It may 

be caused by the fact that a small amount of PVDF binder is mixed on the top layer of carbon 

coating during the fabrication. In addition, the contact angles of customized electrodes with 15% 

PVDF carbon coatings as well as the mixed II electrode consisting of one 15% PTFE carbon 

coating sandwiched by two 15% PVDF carbon coatings are less than 90° and are unstable. 

 

 

Figure 7: Static contact angle measurements on customized electrode surfaces.  

 

3.2.2 Internal Wettability. Considering an electrode made of carbon powder and 

binders, the wetting characteristics range widely since the non-uniform distribution or 
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malfunction of PTFE treatment, rendering part of the pores lyophilic. Additionally, surface 

defects and impurities may lead to a reduction in the lyophobicity. Therefore, a measurement 

internal wettability is necessary to investigate the effects of electrode wettability on the 

performance of the Li−O2 battery. For those porous electrodes, wetting behavior is related to the 

solid-liquid interfacial interactions. I perform EIS and CV measurements to obtain the ionic 

resistance and double layer capacitance, which can represent the internal wettability. 

During discharge, Li metal is oxidized at the negative electrode, Li+ ions are delivered to 

the reaction sites through the electrolyte, which is crucial to complete the ORR at the positive 

electrode. The ionic resistance is directly related to the electrolyte and its distribution in the 

positive electrode. Measuring the ionic resistance can provide a decent understanding of internal 

wettability. In Paper P1, the ionic resistance of electrodes with various wettability are 

experimentally measured and shown in Figure 8. The Electrochemical Impedence Spectroscopy 

(EIS) is applied to carry out electrical resistance measurement on Li−O2 batteries with 

customized electrodes of various wettability. The Nyquist plots of fitted data using the equivalent 

circuit is shown in Figure 9. The equivalent circuit includes an ohmic resistance (R1), which 

considers the electronic resistance of the electrodes, current collectors, and ionic resistance of the 

electrolyte, as well as the contact resistance between these components. R2 and R3 are due to the 

charge transfer resistance and mass transfer resistance at the two electrodes. The diagonal line at 

low frequencies represents the Warburg impedance (W4), which is due to the diffusion 

impedance of the oxidant and reductant. C2 and C3 denote the double layer capacitance formed 

when a non-conducting media separates two conducting electrodes. Due to the same 

configuration of Li−O2 batteries, the variations of R1 can be attributed to the electrode resistance 

which is dominated by the ionic resistance.The PVDF 15% electrode has the lowest ionic 
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resistance which indicates that wetting area is the largest and the electrode is the most lyophilic. 

More lyophobic electrodes impede the ionic transfer by increasing the ionic resistance. 

Additionally, the resistance displays the same trend as the static contact angle. 

 

Figure 8: Equivalent ionic resistance of the batteries with customized electrodes of different 

wettability.  

 

Figure 9: Nyquist plots of batteries with customized electrode with different wettability. 

The double layer capacitance of customized electrodes is also measured to quantify the 

internal wettability. I employ an electrochemical approach to quantify the solid-liquid interfacial 
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area and promote the understanding of wettability within customized electrodes [75]. The electrical 

double layer is created on the electrode surface that is wetted by the electrolyte because the 

customized electrode made of carbon powders are electrically conductive. A simple calculation of 

this capacitance in a planar system with only electrical energy is related to the geometric 

capacitance expression: 

𝐶 = 휀𝑟휀0
𝐴𝑠𝑙
𝑑
                                                              (3.1) 

where 𝐶 is the capacitance, 휀𝑟 is the relative permittivity of the electrolyte, 휀0 is the permittivity 

of the vacuum, 𝑑 is the double layer thickness which can be approximated as Debye length and 

𝐴𝑠𝑙 represents the wetted pore surface. For an electrolyte with the given composition measured at 

the room temperature, parameters of 휀𝑟 , 휀0 and 𝑑 can be considered as constants. Therefore, the 

change of the area of the wetted pore surface is proportional to the variation of the double layer 

capacitance. 

The 1 M LiTFSI/TEGDME electrolyte is added to the surface of the electrode using a 

pipette. The relationship between electrolyte volume and the double layer capacitance is shown in 

Figure 10. A separator is inserted in the battery to avoid a short circuit phenomenon. The double 

layer capacitance is related to the wetted pore surface in the electrode as well as the wetted area in 

the current collector. Thus, it is necessary to measure the capacitance when only the strongly 

lyophilic separator is inserted in the battery. Generally, as more electrolyte is added, more pore 

surface is wetted so that the double layer capacitance increases. The customized electrode 

containing 15% PVDF has larger capacitances than that with 35% PTFE because the former 

electrode is more lyophilic, and more pores are wetted by electrolyte. For example, the capacitance 

of the electrode with 15% PVDF was 12.9 µF more than that of the electrode with 35% PTFE at 

the volume of 20 µL. The capacitance of 35%-PTFE electrode combined with the separator is only 
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slightly higher (< 5µF in all volumetric cases) than that of a single separator as shown in Figure 4. 

It indicates that most of the electrolyte added into the lyophobic electrode is repelled into the 

lyophilic separator. The double layer capacitance increases almost linearly with the amount of 

added electrolyte when the electrolyte is less than 60 µL. As the electrolyte is added, more 

electrolyte spreads into the separator. Therefore, the wetted surface in the current collector may 

account for a larger fraction of the double layer capacitance. The sudden rise in the capacitance 

after 100 µL may be attributed to the fact that electrolyte is squeezed out from the battery frame 

and the extra double layer is created. Although the compression during battery assembly may 

partially compensate the capillary pressure within the electrode and cause measuring errors, 

especially when the electrolyte was more than 60 µL, the measurement of double layer capacitance 

demonstrates the general trend that more pores are wetted by the electrolyte in the lyophilic 

electrodes. 

 

 

Figure 10: Double layer capacitance vs volume of electrolyte in electrodes.  

3.2.3 Deep Discharge Test. When the wettability of each type of the electrode is 

characterized, the discharge tests are performed at 0.1 mA/cm2. The discharge capacity of 

electrodes with variable wettability is shown in Figure 11. The discharge capacity of raw carbon 
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cloth is negligible (< 100 mAh/g) due to the low specific surface area. Therefore, the reported 

specific discharge capacity is calculated based on the weight of carbon powders coated on the 

electrode without considering the weight of raw carbon cloth substrate and binders. The lowest 

specific discharge capacity of 1665.8 mAh/g is achieved by the electrode with 15% PVDF carbon 

coatings. On the other hand, the specific discharge capacities of Li−O2 batteries increase from 

3145.8 to 4160.8 mAh/g when the mass fraction of PTFE binder increases from 5% to 15%. 

However, the specific discharge capacity decreases to 3109.5 and 2822.9 mAh/g when the mass 

fraction of PTFE binder further increases to 25% and 35%. The significant variation of specific 

discharge capacity can be attributed to the difference among the electrode wettability. More 

lyophobic electrodes facilitate O2 diffusion by creating more gas paths. The improvement of O2 

transfer enhancing the O2 availability at the reaction sites which results in higher specific discharge 

capacity. However, the specific discharge capacity of the electrode decreases after further 

increasing the PTFE content to more than 15%. The influences of PTFE content on specific 

discharge capacity possesses good consistency with the published data [65]. Further increasing the 

PTFE content generates more lyophobic pores that reduce the number of reaction sites for the ORR 

and increases the ionic resistance. In order to facilitate the oxygen diffusion without significantly 

sacrificing the ionic conductivity, electrodes with mixed wettability have been designed and tested. 

In mixed I electrode, the top and bottom layers with 15% PTFE are lyophobic and the middle layer 

with 15% PVDF is lyophilic. The battery with mixed I electrode achieves the highest specific 

discharge capacity of 5149.5 mAh/g. Because of the lyophobicity of both the top and the bottom 

coatings, O2 can diffuse into the electrode without much diffusion resistance and reach the 

electrolyte that accumulates in the lyophilic coating in the middle. This design utilizes the porous 

structure inside the electrode more effectively. Also, adding a lyophilic layer in the middle of 
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electrode may reduce the O2 diffusion length compared with the fully lyophobic electrode. The 

combined effects lead to the highest specific capacity. In comparison, the mixed II electrode is 

composed of one carbon coating with 15% PTFE layer sandwiched by two carbon coatings with 

15% PVDF. This electrode only results in 2700.6 mAh/g deep discharge capacity because that the 

lyophilic top and bottom layers impose more resistance in O2 diffusion. Comparing with the 

electrode with 15% PVDF, applying one lyophobic layer in the middle of mixed II electrode 

increases the discharge capacity by about 1000 mAh/g. The result is consistent with the previous 

conclusion as well as the study conducted by Xia et al.[76] that partially wetted electrodes perform 

better than electrodes fully saturated by the electrolyte. The mixed I customized electrode with 

stacking coatings (lyophobic coatings on top and bottom with a lyophilic coating in the middle) 

can be beneficial to promote the design of air electrodes and provide a valuable reference to 

fabricate high-capacity electrodes. 

 

 

Figure 11: Deep discharge Li−O2 batteries using customized electrodes.  

3.2.4 First Discharge-Charge Cycle. Although this study is focusing on the deep 
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also investigated and analyzed. The first discharge-charge cycles of Li−O2 batteries with 

customized electrodes at 0.1 mA/cm2 are shown in Figure 12. The cut-off voltage of charging is 

set at 4.5VDC. The Mixed I 15% electrode, as well as the PTFE 15% electrode, results in a 

discharge-charge cycle with the average coulombic efficiency close to 85% while the battery 

with 15% PVDF electrode achieves a slightly higher coulombic efficiency of 93%. The lower 

coulombic efficiencies of Mixed I 15% electrode and PTFE 15% electrode can be contributed to 

the fact that more electrolyte in the lyophobic electrode evaporates because of a longer discharge 

and charge time, which may increase the ionic resistance during charge and, thus, deteriorate the 

coulombic efficiency [77]. Besides, PVDF favors the thin Li2O2 film formed on the surface of 

the electrode while PTFE results in more Li2O2 toroids which are more difficult to decompose 

during the charging process [78]. 

 

Figure 12: First discharge-charge cycle of Li−O2 batteries with customized electrodes.  

In Paper P1, electrodes with various wettability are fabricated and tested in Li−O2 batteries. 

Different approaches are utilized to characterize the electrode wettability. The wettability of 
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(< 15%) were lyophilic and their corresponding discharge capacities were lower than those of 

lyophobic electrodes. The electrode with 15% PTFE exhibited the deep discharge capacity of 

4160.8 mAh/g because lyophobic electrode provided more gas path for O2 diffusion. This study 

also designed customized electrodes with stacked layers by combing the lyophilic layers with 

lyophobic layers. The mixed I electrode (15% PTFE carbon coatings on top and bottom, one 15% 

PVDF carbon coating in the middle) showed the highest deep discharge capacity of 5149.5 mAh/g 

among all the experimental cases. The mixed wettability promoted the oxygen diffusion without 

significantly lowering the ionic conductivity or reducing the number of reaction sites. Therefore, 

configuring the wettability in the electrode design is an important direction to increase the 

discharge capacity of Li−O2 batteries. 

It is challenging to accurately measure the difference of wettability among all electrodes in 

this chapter. However, an innovative method is required to improve the accuracy of wettability 

measurement. I may design a new experimental configuration to characterize the electrode 

wettability with much fewer errors. After comparing the deep discharge capacity of each electrode, 

lyophobic electrodes perform better than lyophilic ones due to the fast O2 diffusion in gas paths. 

The mixed wettability promotes the O2 diffusion without significantly lowering the ionic 

conductivity or reducing the number of reaction sites. Therefore, configuring the wettability in the 

electrode design is an important direction to increase the discharge capacity of Li−O2 batteries. 
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Chapter 4: Experimental Study of Intermittent Discharge Strategy 

Chapter 4 is adapted from Paper P2.  

4.1 Introduction 

As discussed in Section 1.2, the fundamental issues of Li−O2 batteries, including the 

reaction mechanism, the electrochemical stability of positive electrode, and the electrolyte and Li 

negative electrode, are not fully understood. More specifically, the low discharge/charge rate 

capability, poor cycle life, and low round-trip efficiency are the crucial factors that prevent the 

practical operation of Li−O2 batteries [79-83]. Since the Li−O2 battery is regarded as a promising 

candidate to replace the Li-ion battery, powering EVs may be a major application when it is 

commercialized. However, the practical applications of EVs require that the discharge current 

density should be two orders of magnitude higher than the present current density applied in 

discharging the Li−O2 batteries (e.g., 0.1 mA/cm2) [84]. Therefore, it is urgent to increase the 

discharge/charge rate capability of Li-O2 batteries. 

Multiple numerical and experimental studies demonstrated that the discharge capacity 

would be reduced significantly if the Li−O2 batteries are discharged at high current density [15, 

57, 77, 85-89]. For instance, Han et al.[87] stated that the discharge voltage plateau decreased by 

0.2 V and discharge capacity decreased from 6219 to 1251 mAh/g when the current density 

increases from 0.1 mA/cm2 to 0.4 mA/cm2. Mohazabrad et al.[57] showed that the specific 

discharge capacity decreased from 461.53 mAh/g to 106.07 mAh/g when the current density 

increased from 0.1 mA/cm2 to 0.5 mA/cm2. Tremendous efforts have been paid to clarify the 

dominated factor that affect the discharge capacity of Li−O2 batteries at high current density. The 

electrical passivation of positive electrode caused by Li2O2 film and poor O2 transportation 
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limited by pore clogging are claimed as two major factors that limit the discharge capacity. For 

example, Adams et al. [38] reported that Li2O2 particles nucleated at low current densities (5-25 

µA/cm2), and amorphous thin films of Li2O2 formed by electro-reduction reaction on the 

electrode surface at high current densities (50-100 µA/cm2). The investigation by Adams et 

al.[38] also showed that the direct electron transfer would incur a significant voltage drop at high 

current density which indicates the thickness and conductivity of the Li2O2 film become more 

important for discharging Li−O2 batteries at high current density. The electrical conductivity of 

Li2O2 film was investigated both experimentally and numerically [37]. Results show that the 

critical thickness of Li2O2 film is ~ 5 nm above which the exchange current density fell rapidly 

below ~10-7 A/cm2 and the ORR was no longer supported, leading to “sudden death” of Li-O2 

batteries. The electrical conductivity of Li2O2 was estimated to be in the range of 10-12 to 10-13 S 

cm-1 and the critical thickness of 5 nm was confirmed by Lu et al [90]. Mirzaeian et al. [88] 

examined the operation effect on the performance of Li−O2 batteries systematically. The 

discharge capacity decreased from 2387 mAh/g to 364 mAh/g as the current density varied from 

10 mA/g to 150 mA/g. The discharge ceased when the discharge products occupied almost all 

the pores at lower current density. Another study[91] argued that the Li2O2 deposition only 

covers the electrode external surface by forming a thin film rather than filling the interior pores 

in the electrode at high current density. Therefore, the capacity loss can be attributed to the fast 

deposition of Li2O2 on the electrode surface which limits the transportation of O2 and Li+ and 

blocks the inner active surface. However, the morphology of discharge products such as the 

primary product of Li2O2 is not only influenced by the current density but other factors such as 

the electrode structure [63] and the electrolyte [92-93]. Thus, it is very challenging to control the 

morphology of discharge products to improve the rate capability of Li−O2 batteries. 
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On the other hand, studies [58, 94] claimed that the poor rate capability of Li-O2 batteries 

was mainly due to sluggish O2 transportation in the organic electrolyte of flooded electrodes, 

which was also reported by the numerical studies [86, 95].  The 1M electrolytes with different 

constituents display various viscosity such that the corresponding O2 diffusion coefficients 

estimated by Stokes-Einstein equation are also different [58]. For example, 1M lithium 

hexafluorophosphate (LiPF6) in propylene carbonate (PC) has the viscosity of 8.06 cP while the 

viscosity of 1M LiPF6 in PC: dimethoxyethane (DME) (1:2) is 1.98 cP. When discharge the Li-

O2 batteries with 1M LiPF6/PC and 1M LiPF6/PC:DME (1:2) at 0.1 mA/cm2, the discharge 

capacities were 380 and 1095 mAh/g, respectively. When discharging those batteries at 0.5 

mA/cm2, the discharge capacity corresponding to 1M LiPF6/PC was 85 mAh/g while it was 363 

mAh/g for 1M LiPF6/PC:DME (1:2). The three times increase of capacity showed that promoting 

O2 diffusion in the electrode can reduce the capacity loss at high current density. In other words, 

the poor O2 diffusion may dominate the performance of Li−O2 batteries at high current density. 

The debate on the determining factor of capacity loss of Li−O2 batteries at high current 

density may continue until the fundamental mechanism is fully understood. However, possible 

approaches which include intermittent operating procedure and modifying the electrode 

wettability[96] can be applied to enhance the O2 diffusion in the electrode and thus improve the 

rate capability of Li−O2 batteries. In Paper P2, an intermittent operating procedure along with 

modifying the electrode wettability is applied to enhance the O2 diffusion in the electrode and, 

thus, improve the rate capability of Li-O2 batteries. Electrodes of different wettability are 

discharged at various current densities (0.1 – 2.0 mA/cm2). Cycling experiments of Li-O2 

batteries are also studied to determine the effect of discharge strategy on discharge-charge 

cycles. 
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4.2 Results and Discussion 

4.2.1 Intermittent Strategy vs. Continuous Strategy. I first compare the specific 

discharge capacity of Li-O2 batteries using the intermittent and continuous discharging strategies. 

The electrode with 15% PTFE binder, lyophobic with the static contact angle of 128.4°, achieves 

higher discharge capacity than that of lyophilic electrode [96].  Thus, electrodes with PTFE 15% 

binder are tested in this subsection. Figure 13 and Table 3 show the results of specific discharge 

capacity when Li-O2 batteries are discharged under continuous or intermittent currents of 0.1, 

0.5, 1.0, and 1.5 mA/cm2. The intermittent current strategy periodically discharges and rests the 

battery. The time for the discharging process is proportional to the given current and the rest time 

is kept as 10 min. For example, the battery is discharged for 10 min at 0.5 mA/cm2 and for 5 min 

at 1.0 mA/cm2. Results show that both the continuous discharge capacity and the intermittent 

discharge capacity decrease when the current density increases from 0.1 to 1.5 mA/cm2. The 

discharge capacity is lower at higher current density because of the increased polarization of 

positive electrode, which has been already examined in other studies [57]. The specific discharge 

capacities of Li-O2 batteries discharged by intermittent current are ~50% higher than these 

obtained by continuous current. For example, the specific discharge capacity is 1629.5 ± 124.0 

mAh/g at intermittent discharge current of 1.0 mA/cm2 while it is 1031.0 ± 22.8 mAh/g at 

continuous discharge current of 1.0 mA/cm2. Since the O2 diffusion plays a significant role in 

determining the discharge capacity, the Li−O2 battery will achieve higher discharge capacity if 

more O2 is available. When the Li−O2 battery is discharged intermittently, O2 can diffuse into the 

electrode while the battery is at rest and compensate the O2 consumed during discharge. Thus, 

the capacity loss caused by sluggish O2 diffusion is alleviated and the discharge capacity is 

increased by ~50% at various current densities. 
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Figure 13: Specific discharge capacities of Li−O2 batteries with PTFE 15% electrodes at 

continuous and intermittent current densities.  

 

Table 3: A summary of discharge capacity using different strategies.  

Strategy Current Density (mA/cm2) Discharge Capacity (mAh/g) 

Intermittent 0.1 6005 ± 237.3 

Continuous 0.1 (50min) – 0 (10min) 4106.8 ± 305.1 

Intermittent 0.5 3451.1 ± 237.0 

Continuous 0.5 (10min) – 0 (10min) 2210.5 ± 237.2 

Intermittent 1.0 1629.5 ±124.0 

Continuous 1.0 (5min) – 0 (10min) 1030.9 ± 22.8 

Intermittent 1.5 1161.5 ± 105.8 

Continuous 1.5 (4min) – 0 (10min) 716.5 ± 87.7 

 

The discharge curves of Li−O2 batteries with continuous and intermittent 0.5 mA/cm2 is 

shown in Figure 14. The voltages of Li−O2 batteries using the intermittent strategy jump back to 
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~2.8 V when the batteries are at rest. This innovative strategy elongates and stabilizes the 

discharge plateaus as shown in Figure 14. The Type IV isotherm is observed in N2 

adsorption/desorption measurement. The relatively long linear part indicates the completion of 

the monolayer and the isotherm characterizes a mesoporous structure in the porous electrode. 

Results calculated based on the isotherm also show that the acetylene black carbon has the BET 

surface area of 76.5 m2/g and most of the pores are in the range of 2-50 nm. The results of 

surface area and pore size distribution confirms that the electrode has a mesoporous structure and 

the O2 diffusion will not be impeded due to the electrode structure. I measure electrodes after 

discharge using the SEM instrument. The obtained images are shown in Figure 15. At low 

currents, the needle-like Li2O2 can be detected on the electrode surface and the film-like Li2O2 

forms at high currents. The discharge products gradually form large agglomerates that hinder the 

O2 mass transfer. The morphologies of Li2O2 are similar when they are deposited under those 

two strategies. This similarity demonstrates that the increase of discharge capacity at the 

intermittent current has no relationship with the morphological variations of Li2O2. Thus, the 

discharge capacity can be improved due to sufficient O2 supply by periodically resting the Li−O2 

battery. 
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Figure 14: Discharge curves of Li−O2 batteries with PTFE 15% electrodes at continuous and 

intermittent 0.5 mA/cm2.  
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Figure 15: SEM images of PTFE 15% electrodes after (a1) continuous and (b1) intermittent 

discharge at 0.5 mA/cm2, (a2) continuous and (b2) intermittent discharge at 1.0 mA/cm2, (a3) 

continuous and (b3) intermittent discharge at 1.5 mA/cm2.  

4.2.2 Multi-Step Strategy.The existing studies usually report the Li−O2 batteries 

discharged at a current density on the order of 0.1 mA/cm2 which is too low compared with the 

operating current density of Li-ion batteries. I make efforts to increase the capacity at much 
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higher current densities in Paper P2. When the current density is set at 2.0 mA/cm2 and the 

discharge cut-off is 2.0 VDC, the intermittent and continuous strategies show little difference in 

discharge capacity. The continuous discharge capacity is 423.4 ± 29.1 mAh/g and the 

intermittent discharge capacity is 436. 4 ± 45.5 mAh/g. Thus, the intermittent discharge strategy 

only slightly increases the specific discharge capacity by 3%. Based on the results shown in 

Figure 16, the battery stops discharging because the over-potential caused by polarization 

exceeds the difference between open-circuit voltage and a cut-off voltage of 2.0 VDC. When the 

discharge cut-off voltage is changed into 1.0 V, the intermittent discharge capacity reaches 

1683.9 ± 148.7 mAh/g while it is only 800.2 ± 162.1 mAh/g at continuous discharge current. 

This reveals that the battery may be further discharged even after it reaches the cut-off voltage at 

a high current density. The discharge curves at 2.0 VDC cut-off voltage drop linearly towards 2.0 

VDC without forming a discharge plateau. The battery stops discharging because the over-

potential caused by polarization exceeds the difference between open-circuit voltage and cut-off 

voltage of 2.0 VDC. When the cut-off voltage is set at 1.0 VDC, the plateaus are built and the 

discharge capacities are increased. This reveals that the battery may be further discharged even 

after it reaches the cut-off voltage at high current density. This finding leads to the study of 

multistep discharging at decreasing current rates. Moreover, the discharge cut-off voltage cannot 

go below 2.0 VDC since the Li2O is generated under 2.0 VDC. This discharge product is 

undesired due to its irreversible during the charging process. Thus, I propose a multi-step 

strategy for discharging the battery at a high current density which is shown in Figure 17. The 

discharge capacity increases to 855 ± 49.9 mAh/g when the battery is further discharged at 1.5 

and 1.0 mA/cm2.  
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Figure 16: Discharge curves of Li−O2 batteries with PTFE 15% electrodes discharged at (a) 2.0 

mA/cm2 continuously and intermittently.  

 

Figure 17: Discharge curves of Li−O2 batteries with PTFE 15% electrodes discharged at a multi-

step current.  

4.2.3 Coupled Effects of Electrode Wettability and Intermittent Strategy.  As 

discussed in Chapter 3, O2 diffusion is also affected significantly by the electrode wettability. 

Three kinds of electrodes (PVDF 15%, PTFE 15% and Mixed I 15%) for Li-O2 batteries are 
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lyophobic which can promote the O2 diffusion. The electrode with PVDF 15% binder is lyophilic 

which is able to provide adequate reaction sites. The results of the intermittent and continuous 

discharge capacity at 1.0 mA/cm2 are shown in Figure 18 and Table 4. The specific discharge 

capacity of Li-O2 battery with mixed binders increases from 1645.9 ± 98.3 mAh/g to 2256.7 ± 

225.8 mAh/g when the operation changes from continuous discharge current to intermittent 

discharge current. The specific discharge capacity of the PVDF 15% electrode is 1664.8 ± 259.6 

mAh/g at intermittent current but it is only 807.6 ± 137.6 mAh/g at continuous 1.0 mA/cm2. The 

discharge capacity is improved by 106.2%, much higher than those of the PTFE 15% electrode 

(51%) and the mixed 15% electrode (38%). The lyophilic PVDF 15% electrode is completely 

wetted by the electrolyte. The number of reaction sites increases but the O2 diffusion is impeded 

due to the low O2 diffusivity in the liquid electrolyte. Therefore, enhancing O2 supply may be 

more urgent in this case. Experimental results demonstrate that Li−O2 batteries with lyophilic 

electrodes are more sensitive to the intermittent discharge current and the discharge capacity can 

be increased more significantly. The mixed 15% electrode results in the highest discharge 

capacity which coincides well with results in previous study [96]. This is because the balance is 

achieved between dried regions for fast O2 diffusion and wetted areas for electrochemical 

reactions. The discharge curves shown in Figure 19 followed the trend in Figure 14 in general. 

At the end of discharge, the potential decreases significantly and then increase gradually every 

time when the battery is discharged after the rest. As more Li2O2 is deposited in the electrode, 

the potential drop when the current changes from 0 to 1.0 mA/cm2 is more obvious. When the 

potential drops below 2.0 VDC, the “sudden death” occurs and the battery stops discharging. The 

voltage of discharge plateau of the Li−O2 battery with mixed 15% electrode is slightly higher 

(0.05 VDC < ∆𝑉<0.1VDC) than these of the batteries with the other two kinds of electrodes, 
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which agrees well with its highest discharge capacity. The results demonstrate that Li−O2 

batteries with lyophilic electrodes are more sensitive to the intermittent discharge current and the 

discharge capacity can be increased more significantly. 

 

Figure 18: Results of Li−O2 batteries with electrodes of different wettability discharged at 1.0 

mA/cm2 continuously and intermittently.  

 

Figure 19: Discharge curves of Li−O2 batteries with electrodes of different wettability discharged 

at 1.0 mA/cm2 continuously and intermittently. 
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Table 4: Discharge capacity of electrodes with various wettability at intermittent and continuous 

currents.  

Electrode Strategy Discharge Capacity (mAh/g) 

PTFE 15% Continuous 1.0 mA/cm2 1030.9 ± 22.8 

PTFE 15% 1.0 (5min) – 0 (10min) mA/cm2 1629.5 ± 124.0 

Mixed I 15% Continuous 1.0 mA/cm2 1645.9 ± 98.3 

Mixed I 15% 1.0 (5min) – 0 (10min) mA/cm2 2256.7 ± 225.9 

PVDF 15% Continuous 1.0 mA/cm2 807.6 ± 137.6 

PVDF 15% 1.0 (5min) – 0 (10min) mA/cm2 1664.8 ± 259.7 

 

4.2.4 Customized Strategy. In previous experiments, the estimated time of discharging 

for 5 min and resting for 10 min may not be suitable for all experimental cases. Thus, different 

intermittent discharge strategies are investigated experimentally, which are shown in Figure 20 

and Table 5. The subsection tests the mixed 15% electrode at discharge current of 1.0 mA/cm2. 

With the rest time of 10 min, the specific discharge capacities decrease slightly from 2298.1 ± 

135.1 mAh/g to 2256.7 ± 225.8 mAh/g as the discharge time varies from 2 min to 5 min. 

Although the capacity difference is negligible, the strategy of intermittent current 1.0 (2 min) – 0 

(10 min) mA/cm2 is less time-efficient. Discharging the battery for 10 min and resting for 10 min 

suffers the lack of O2 supply which results in lower discharge capacity of 1941.6 ± 110.3 mAh/g. 

When the discharge time is set to be 5 min, the specific discharge capacity decreases gradually 

from 2357.5 ± 138.2 mAh/g to 2121.0 ± 191.8 mAh/g when the rest time increases from 5 min to 

15 min, which may be mainly due to the electrolyte evaporation [77]. Considering the time 

efficiency and the capacity increase, the optimized strategy for the Li−O2 battery with the mixed 

15% electrode at 1.0 mA/cm2 is discharging for 5 min and resting for 5 min. The intermittent 
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discharge strategy may need to be customized based on the wettability and discharged current 

densities. 

 

 

Figure 20: Specific discharge capacities of Li−O2 batteries with mixed 15% electrodes at 1.0 

mA/cm2 with different intermittent discharge strategies.  

Table 5: Customized strategies of Mixed I 15% electrode at 1.0 mA/cm2.  

Discharge Time (min) Rest Time (min) Discharge Capacity (mAh/g) 

2 10 2298.1 

5 10 2256.7 

10 10 1941.6 

5 5 2357.5 

5 15 2121.0 

 

4.2.5 Cycling Performance. The electrodes with mixed 15% binders are discharged and 
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min) mA/cm2 but all batteries are charged at a continuous current of 0.1 mA/cm2. Figure 21 

shows that the cycle numbers vary between 7 and 9 and the coulombic efficiencies are above 

85%. After the last cycle, the voltages of Li−O2 batteries reach the cut-off voltage of 2.0 VDC 

and thus the tests stop. The cycling performance of Li−O2 batteries are similar despite of the 

discharge current. We speculate that failures of cycling tests are mainly attributed to the Li anode 

which may be contaminated by the water in the atmosphere. The symmetrical battery with Li 

chips on both anode and positive electrode is cycled and analyzed to validate the assumption. 

The cycling performance of Li-O2 batteries is similar despite the discharge current. I speculate 

that failures of cycling tests are mainly attributed to the Li negative electrode which may be 

contaminated by the water in the atmosphere. The symmetrical battery with Li chips on both 

negative electrode and positive electrode is cycled and analyzed to validate the assumption. The 

over-potential caused by water contamination on Li chip is more than 1.0 VDC after 14 cycles. 

The cycle can continue with almost 100% coulombic efficiency after replacing the Li chip. 

Applying the intermittent discharge strategy is advantageous over the continuous discharge 

strategy since it can cycle the batteries with higher cut-off capacity (e.g., 1500 mAh/g), which 

has been proved in Figure 21. 
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Figure 21: Coulombic efficiencies of Li−O2 batteries discharged in the cycling tests.  

 

4.2.6 Li Symmetric Battery. I investigate the effects of electrode wettability and 

discharge strategy on the performance of Li−O2 batteries in Chapter 3 and Chapter 4. 

Commonly, results indicate that O2 diffusion in the positive electrode mainly controls the 

discharging and cycling performance. In order to double-check the limiting factor, we apply the 

Li symmetric battery into the experiment. The Li chips are inserted in both the negative electrode 

and the positive electrode, which is shown in Figure 22. Figure 23 displays the voltages of Li 

symmetric batteries at 1.0, 5.0, and 10.0 mA/cm2. The potentials caused by the Li chip during 

both the charging and discharging processes are less than 1.0 VDC. Therefore, the feasibility of 

discharging and charging Li−O2 batteries is not prevented by the Li chip, and the O2 diffusion in 

the positive electrode has been demonstrated to be the limiting factor. Moreover, the cycling 

experiment of Li symmetric batteries is conducted at 10.0 mA/cm2. As shown in Figure 24, the 

Li symmetric battery is able to cycle at high current density. In conclusion, it is urgent to 
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improve the O2 diffusion in the positive electrode and the efforts I have made in this dissertation 

is of great importance. 

                            

Figure 22: The schematic of a Li symmetric battery. 

 

 

Figure 23: Voltages of Li symmetric batteries at various current densities. 
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Figure 24: Cycling performance of Li symmetric batteries at 10.0 mA/cm2. 
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batteries with PVDF 15% electrodes were discharged at intermittent 1.0 mA/cm2. Mixed 15% 

electrodes balanced the wetted regions for reactions and dried paths for O2 diffusion and 

increased the discharge capacity. The Li-O2 batteries with mixed 15% electrodes gained the 

highest capacity of 2256.7 ± 225.8 mAh/g at the intermittent current of 1.0 mA/cm2. The 

optimized intermittent discharge strategy depended on the electrode wettability and discharge 

current. For the Li-O2 batteries with mixed 15% electrode at intermittent 1.0 mA/cm2, the 

discharge time was determined to be 5 min and resting time for O2 diffusion was also 5 min.  
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Chapter 5: Numerical Investigation of Electrolyte Saturations 

Chapter 5 is adapted from Paper P3.  

5.1 Introduction 

The previous Chapter 3 and Chapter 4 focused on the experimental study of electrode 

wettability, which shows that O2 diffusion is a key factor that limits the discharge capacity of 

Li−O2 batteries. In Chapter 5, I use a numerical approach to investigate the distribution of the 

electrolyte at various saturations and obtain the corresponding discharge performance of Li−O2 

batteries. Compared with the experimental method, the numerical approach is more effective to 

capture and analyze the electrochemical process during the operation of batteries. Paper P3 

focuses on effects of liquid-gas two-phase mass transfer within the porous electrode on the 

electrochemical performance of batteries.  

The spatial distributions of the liquid and vapor phases in the porous electrode is 

governed by the evaporation of the electrolyte, volume change of solid materials, pore size, 

wettability, and connectivity of pores. Our recent study of Li-O2 batteries indicated that the 

amount of the electrolyte strongly affected the specific discharge capacity [77]. The discharge 

capacity is strongly affected by both the initial amount of the electrolyte and its evaporation rate 

(controlled by the cathode open ratio). The maximum discharge capacity was achieved at 25% 

open ratio among the selected open ratios (0% - 100%) at the current density of 0.1 mA/cm2. As 

the open ratio increased from 25% to 100%, the specific discharge capacity decreased from 995 

to 397 mAh/gcarbon. The fast evaporation of electrolyte at higher open ratios resulted in the 

decrease of the discharge capacity with increasing open ratio. A similar experiment carried out 

by Jiang et al.[97] also studied the effects of the oxygen window on the capacity of Li−O2 

batteries. In this work, a single hole with different diameters was machined on the oxygen side of 
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the coin-cell battery as the oxygen window. It should be noted that the maximum open ratio 

(ratio between oxygen window area to the total electrode surface area) was only 19.5%. The 

battery used 50 µL of LiCF3SO3-TEGDME (1:4 molar ratio) as the organic electrolyte solution. 

The first discharge-charge cycle of the Li−O2 batteries at a current of 0.1 mA showed that battery 

capacity increases linearly with the size of the oxygen window.  

During the charge and discharge cycles of the battery, the volume of both the solid 

materials change significantly due to the consumption/generation of Li2O2 at the cathode and the 

deposition/consumption of Li metal at the anode. As a result, the electrolyte redistributes in pores 

during the battery operation. Yoo et al. [98] developed a model to study the significance of the 

volume change of the Li anode corresponding to the discharge performance of the battery. 

During discharge, the decomposition of lithium metal at the anode leads to a gap between the 

separator and Li anode. The gap grew bigger with discharge due to the decomposition of lithium 

metal, and gap was assumed to be always filled with the electrolyte. Meanwhile, the porosity and 

pore volume of the cathode electrode decreased with discharge because of the deposition of 

Li2O2, which expelled excess electrolyte from the cathode. The leakage of the electrolyte is 

proportional to the discharge capacity and 2.15% of the electrolyte leaked out at the specific 

capacity of 650 mAh/g. 

The direct measurement of the distribution and evaporation of the electrolyte by 

experiments is very challenging due to the small pore size and complex geometry of the pores. 

Therefore, models provide detailed information on the transport phenomena in liquid-vapor two-

phase flow in the porous electrode. Our recent study [77] has carried out a simple model to 

simulate the discharge capacity considering the evaporation of the electrolyte. The model 

simplified the evaporation of the electrolyte as the moving of the electrolyte-air interface at a 
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constant speed (which is proportional to the cathode open ratio). Huang and Faghri [99] 

developed a 2-D model that captured electrolyte evaporation into the air chamber of the battery. 

The evaporation rate was a function of the partial pressure of solvent vapor and air chamber size. 

A highly volatile electrolyte, DMF, and a less volatile electrolyte, TEGDME, were compared in 

this study. The evaporation rate decreased with discharge and stopped once the partial pressure 

of the solvent in the air chamber reached saturation. The evaporation of the electrolyte had a 

significant influence on the Li2O2 distribution and discharge capacity. The reaction sites with the 

fastest reaction rate moved with the electrolyte-air interface away from the air inlet. The whole 

electrode was better utilized due to the improved oxygen supply. After considering the 

evaporation of the electrolyte, the specific discharge capacity of the battery increased by 22.5% 

and 14.9% with DMF and TEGDME electrolytes, respectively. It was also demonstrated that the 

size of the air chamber was critical:  increasing the air chamber radius from 5 cm to 15 cm led to 

a capacity increase of 72%. The analytical model developed by Ye et al. [100] also showed that a 

flooded electrode negatively impacts the battery performance. A partially wetted electrode was 

preferred to promote the diffusion in the gas phase and decrease the concentration over-potential. 

The wettability of the electrode, which determines the distribution of the electrolyte, is a 

critical factor on battery capacity. Our experimental studies customized battery electrodes using 

Acetylene Black carbon powder and different polymer binders (PVDF and PTFE) [62]. The 

different surface energy of the polymer binders leads to variations of electrode wettability. It was 

found that slightly hydrophobic electrodes (with 15wt% PTFE) are more favorable than 

hydrophilic electrodes (with PVDF) for higher discharge capacities. The higher discharge 

capacity is resulted from the improved oxygen transfer due to more available gas phase. Strongly 

hydrophobic electrodes (with 30wt% PTFE), however, have low discharge capacity due to the 
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over dry of the electrode. Considering the balance of improved mass transfer with the available 

reaction sites, this study proposed electrodes with combined hydrophilic and hydrophobic layers. 

The specific capacity of the electrode with mixed wettability was more than three times (1665.8 

vs. 5149.5 mAh/g) higher than the hydrophilic electrode. Although the improved mass transfer at 

the pore scale results in superior electrochemical performance, direct observations of the pore-

scale transport phenomena by experiments are extremely difficult. The distribution of the 

electrolyte and mechanism of the liquid-gas multi-phase transfer at the pore scale is unclear. 

Therefore, it is important to study the pore-scale distribution of each phase to resolve key 

scientific issues and engineer advanced battery electrodes to meet the target specific energy and 

current density.  

Extensive experimental studies and numerical simulations have been carried out to 

investigate the statistical and spatial distributions of the pore size in electrodes of fuel cells [101-

102], super capacitors[103], and redox flow batteries[104]. Only limited number of 

experiments[105-106] and numerical simulations[107-108] studied the pore size distribution of 

Li-O2 batteries. Since smaller pores lead to higher surface area per volume and provide more 

reaction sites, experiments attempted to decrease the pore size to increase the specific capacity of 

the battery. However, there is no obvious correlation between the specific energy of the battery 

and the surface area or porosity. Numerical simulations also try to consider the effect of pore size 

on the discharge capacity of batteries. Xue et al.[107] developed a model that considers the 

passivation of the electrode surface by the deposition of Li2O2. The model assumed that the pore 

becomes inactive either once it is completely blocked by the Li2O2 film or the thickness of Li2O2 

is more than 10 nm. The performance of two electrodes with different pore size distributions 

made from Super P and Ketjen Black, respectively, are the compromise between the high initial 
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surface area and low degradation rate of active surface area. Andrei and Bevara [108] simplified 

the battery electrode as a bunch of cylindrical pores with a distribution of diameters. It was found 

that electrodes with the same mean diameter (20 nm) but different standard deviations could 

have very different discharge performance due to the different characteristics of small and large 

pores. 

The above mentioned experimental and numerical studies haven’t considered the fact that 

very small pores (~ nm) may not be available for reactions, therefore do not contribute to the 

battery capacity, if they are isolated or have extremely high mass transfer resistance. In 

comparison, the surface areas per volume of large pores are low, although they have low mass 

transfer resistance. The different mass transfer characteristics of pores with different sizes lead to 

the hypothesis that micro pores that are smaller than the critical pore size does not contribute to 

the discharge and charge of electrochemical devices due to the limited mass transfer capability. 

To understand the effect of critical pore size, Li [109] developed a statistics model to simulate 

the microstructural evolution of porous electrodes. The model assumed that pores smaller than a 

critical pore size have too high mass transfer resistance so that they do not contribute to the 

discharge of the battery. The micro structural change was also coupled with a computational 

fluid dynamics model to simulate the discharge performance. Effects of electrode properties, 

operating parameters, as well as the pore size distributions have been investigated. At a given 

critical pore size (10 nm), the discharge capacity first increased with the increase of the average 

pore size (from 10 to 50 nm) due to the improved mass transfer, followed by a capacity decrease 

when the average pore size further increased to 100 nm due to the decrease of the effective 

surface area. 
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The detailed distributions of electrolyte and pore requires the clear understanding of pore-

scale structure of the electrode. However, the complex microstructure of electrodes is very 

difficult to measure and reconstruct and none of the previously mentioned studies directly 

measure and consider the spatial distributions of pores and electrolyte. Although pore-scale 

structure reconstruction and simulations have been carried out in fuel cells [110-111], the authors 

are not aware of detailed measurements and model simulations pore structures of Li−O2 battery 

electrodes. To fill this knowledge gap, Paper P3 includes developing an electrochemical model, 

based on reconstructed pore-scale geometries of porous electrodes, to simulate the discharge 

performance (current, voltage, local reaction rates etc.) of the electrode with various saturations 

of the electrolyte. This model considers the multi-phase mass transfer in porous electrodes and 

sheds lights on the critical role of liquid-gas two-phase mass transfer within the porous electrode 

on the electrochemical performance of batteries. The findings from this study enables further 

research to significantly increase (by orders of magnitude) the operating current and power of the 

Li–O2 battery and accelerate its deployment to transport and stationary applications. 

5.2 Reconstruction of Electrode 

The reconstructing procedure begins with obtaining a series of scanning electron 

microscope (SEM) images. Then, the correlation function is applied to complete the 

reconstruction of the battery electrode. Basically, the SEM images of dozens of electrode slices 

are produced by the focused ion beam (FIB). The SEM images have the resolution of 1.34 nm 

per pixel in order to see the pore structures of the electrode slices. The field of view, however, is 

limited to be 1.136×1.136 µm2. The small field of view cannot provide a representative unit of 

the electrode (~200 µm thick) to investigate the mass transfer coupled with electrochemical 

reactions. Therefore, this study will generate a digital battery electrode (with the size of 
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186.0×5.8 µm2) with detailed pore-scale structures using correlation functions as a representative 

unit of the model simulation. The target two-point correlation function is then used to reconstruct 

electrodes iteratively. The summary of processing SEM images is shown in Figure 25 and the 

equations used in reconstruction are provided in  

Table 6. Figure 26 shows the flowchart of the entire reconstruction process. Once a 

digital electrode is numerically generated, its pore size distribution and the effective surface area 

can be derived statistically using the erosion-dilation method[112]. The erosion process can erase 

any foreground pixel (pore) that has at least one neighbor that is the background pixel (solid) in 

the binary images. While the dilation process erases any background pixel (solid) that has at least 

one neighbor that is the foreground pixel (pore). The erosion and dilation processes start with a 

small circular structuring element (with only one voxel) and are repeated with larger and larger 

circular structuring elements. The change of the cumulative volume fraction of foreground pixel 

with the size of circles leads to the histogram of pore size distribution. The surface area of the 

digital electrode is calculated by tracking the amount of carbon/pore interface. The accuracy of 

the reconstructed geometries has been validated by comparing pore size distributions and 

effective surface area of numerically generated electrode with experimental measurements by the 

NOVA Touch pore size analyzer. Once the digital electrode is reconstructed and validated, slices 

of the porous electrode will be applied to electrochemical models to simulate the species 

distribution, reaction rate, and pore-scale structure change of the electrode during discharge. 
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Figure 25: (a) The original SEM image; (b) the binary image of a customized battery electrode, 

and (c) part of the reconstructed electrode (128×128 pixels) from the binary image. 

 

Table 6: A summary of equations for the reconstruction. 

Number Equation Description 

5.1 𝐹(�⃑�) = {
0    Gas

1 Solid
 

distribution of each phase within the 

electrode, �⃑� is the position of the selected 

point 

5.2 𝑠2(�⃑�1, �⃑�2) =< 𝐹(�⃑�1)𝐹(�⃑�2) > the probability that two randomly selected 

points �⃑�1 and �⃑�2 fall into the same phase 

5.3 𝑑𝑠2(𝑟)

𝑑𝑟
|
𝑟=0

= −𝑆/4 
the specific surface of a 3D medium 

5.4 𝐸𝑖 =∑[𝑠2
𝑖 (𝑟) − 𝑠2,target(𝑟)]

2

𝑟

 
the energy difference E between these two 

correlation functions 

5.5 

𝑝 = {
1              when ∆𝐸 < 0

exp (
∆𝐸

𝑇
)  when ∆𝐸 > 0

 

The criterion to switch two selected points 

(a) (b) (c) 
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Figure 26: A flowchart of the reconstruction process. 

5.3 Electrochemical Model 

After the digital electrode is reconstructed, it can be imported into CFD models based on 

a finite volume method (FVM) to simulate the mass transfer coupled with electrochemical 

reactions at the pore scale. The computational domain includes the whole porous electrode 

partially filled with electrolyte. The typical battery electrodes have very high aspect ratios. The 

height of the electrode is on the order of centimeter while the thickness of the electrode is on the 

order of hundreds of micrometers. Since the transport phenomena along the height of the 

electrode are very similar or follow a repeat pattern, it’s reasonable to simulate a representative 

unit of the electrode in order to save computational time. Therefore, a representative unit shown 

in Figure 27 is selected and applied to the electrochemical model. The equations used to describe 
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the electrochemical process are summarized in Table 7 and the parameters used in this model is 

shown in Table 8. 

 

Figure 27: The computational domain and the boundary conditions of a Li−O2 battery using 

organic electrolyte. 

 

Table 7: A summary of equations in the electrochemical model. 

Number Equation Description 

5.6 𝜕(𝜌EL𝜔Li+)

𝜕𝑡
= ∇ ∙ (𝜌EL𝐷Li+

eff ∇𝜔Li+) − ∇ ∙ (
𝑖EL𝑡+
𝐹

𝑀Li+) + �̇�Li+ 
𝜔Li+ is the concentration of lithium ion, 

�̇�Li+ is the consumption rate of lithium 

ion, iEL is the current density, and t+ is the 

transference number of Li+ 

5.7 𝜕(𝜌EL𝜔O2)

𝜕𝑡
= ∇ ∙ (𝜌EL𝐷O2

eff∇𝜔O2) + �̇�O2 
𝜔O2 is The concentration of oxygen in 

the electrolyte, �̇�O2 is the consumption 

rate of oxygen 

5.8 �̇�Li+ = −
𝑅ORR
𝐹

𝑀Li+ 
RORR is the reaction rate of the oxygen 

reduction reaction (ORR), and 𝑀Li+ is 

the molecular weight of lithium ion 

5.9 �̇�O2 = −
𝑅ORR
2𝐹

𝑀O2 
𝑀O2 is the molecular weight of oxygen 

5.10 𝐷𝑖
eff = 𝐷𝑖휀

1−0.77ln𝜀
 𝐷𝑖

eff is the effective diffusivity, Di is the 

diffusion coefficient, ε is the porosity 

5.11 
휀Li2O2(𝑡) =

∫𝑅ORR ∙ 𝑑𝑡

2𝐹

𝑀Li2O2

𝜌Li2O2
 

εLi2O2 is the local volume fraction of 

Li2O2 

5.12 
𝑅ORR = 𝑘ORR ∙

𝐴active
𝑉ED

∙ {(
𝜔Li+

𝜔Li+
ref
)

2

∙ (
𝜔O2

𝜔O2
ref
) ∙ exp (

𝛼𝐹𝜂

𝑅𝑇
) − (

𝜔Li2O2

𝜔Li2O2
ref

)

∙ exp [−
(1 − 𝛼)𝐹𝜂

𝑅𝑇
]} 

kORR is the standard constant rate of 

ORR, Active is the active surface area of 

the electrode, VED is per volume of 

electrode, α is the transfer coefficient, 

and η is the over-potential 

5.13 𝐴active = 𝐴ED ∙ 𝑥EL AED is the total surface area of the 

electrode, xEL is the fraction of the carbon 

surface wetted by the electrolyte 
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5.14 

𝑘ORR =

{
 

 𝑖0 ∙
𝐴active
𝑉ED

∙ (1 − 0.9 ∙
𝑞

7
)              for 𝑞 ≤ 7 C/m2 

0.15245 𝑖0 ∙
𝐴active
𝑉ED

∙ 10−0.02616𝑞  for 𝑞 > 7 C/m2

 

i0 is the exchange current density, q is the 

quantity of discharged electricity per 

active surface area of the electrode 

5.15 
𝑞(𝑡) =

∫𝑅ORR ∙ 𝑑𝑡

𝐴active 𝑉ED⁄
 

 

5.16 𝑉 = 𝐸0 − 𝜂 − 𝐼 ×
0.5𝛿ED

𝜎ED
eff

 
𝛿ED is the thickness of the electrode and 

𝜎ED
eff is the effective ionic conductivity of 

the electrode 

 

Symmetric boundaries are applied to the upper and lower boundaries (I) of the 

representative computational unit: 

𝜕𝜔Li+

𝜕𝑦
=

𝜕𝜔O2

𝜕𝑦
= 0 (5.17) 

When the electrode wettability is alternated along the y-direction, the non-flux boundary 

is applied to Li+ and the constant concentration boundary condition is applied to O2 at the upper 

and lower boundaries (I): 

𝜕𝜔Li+

𝜕𝑦
|
(I)
= 0 and 𝜔O2|(I) = 𝜔O2

0                                     (5.18) 

At the interface of the separator in the electrode (II), the flux of Li+ is proportional to the 

discharge current density and the flux of O2 is 0: 

𝜌𝐷Li+
eff 𝜕𝜔Li+

𝜕𝑥
|
(II)

=
𝐼

𝐹
𝑀𝐿𝑖+ and 

𝜕𝜔O2

𝜕𝑥
|
(II)

= 0           (5.19) 

At the electrode – oxygen interface (III), the non-flux boundary applies to Li+ and the O2 

concentration is set as the reference concentration: 

𝜕𝜔Li+

𝜕𝑥
|
(III)

= 0 and 𝜔O2|(III) = 𝜔O2
0   (5.20) 

The following results and discussions are based on the validated model and parameters. 



62 

 

 

Table 8: Electrochemical and physical parameters used in the model. 

Parameter Symbol Value 

Active area of electrode per volume AED 1.43×108 m2/m3 

Thermodynamic equilibrium voltage E0 3.1 VDC [113] 

Solubility of oxygen in electrolyte  4.395 × 10-3 mol/L [58] 

Reference concentration of O2 ωO2, ref 1.23×10-4 kg/kg 

Reference concentration of lithium ion ωLi+, ref 8.866×10-2 kg/kg 

Conductivity of electrolyte σEL 5 × 10-3 S/cm 

Conductivity of the electrode σED 3 S/cm 

Conductivity of Li2O2 σLi2O2 1 × 10-12 S/cm 

Density of carbon ρC 2.26 g/cm3 

Density of lithium peroxide ρLi2O2 2.31 g/cm3 

Density of the electrolyte ρEL 1.011 g/cm3[58] 

Exchange current density i0  3.11×10−6 A m−2 [86] 

Diffusivity of oxygen in the electrolyte DO2,EL 9.12× 10-10 m2/s[58] 

Diffusivity of lithium ion in the electrolyte DLi+,EL 8× 10--11 m2/s [81] 

 

5.4 Results and Discussion 

5.4.1 Electrochemical Model Validation. The typical battery electrodes have very high 

aspect ratios. The height of the electrode is on the order of centimeter while the thickness of the 

electrode is on the order of dozens or hundreds of micrometers. Since the transport phenomena 

along the height of the electrode are very similar or follow a repeat pattern, it’s not uncommon to 

simulate a representative unit of the electrode in order to save computational time. As a result, 
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this model simulates a representative unit of a lithium-oxygen battery electrode with 186.0-µm 

thick and 5.8-µm high. The simulation results of discharge capacity vs. cell voltage at various 

discharge current densities are compared to the experiment data in Figure 28. The calculated 

specific capacities by our model agree well with experimental results and the following results 

and discussions are based on the validated model and parameters. 

 

Figure 28: Discharge capacities of electrodes with 100% saturation at various discharge current 

densities: Experiments vs. Simulations. 

 

5.4.2 Oxygen Distribution in Fully Saturated Electrode. The distributions of oxygen at 

1 A/m2 are also plotted in Figure 29. As can be seen from the plot, the oxygen concentration 

decreases from the saturated oxygen concentration (1.23×10-4 kg/kg) due to reactions. The 

deposition of Li2O2 reduces the porosity of the porous electrode, therefore, increase the mass 

transfer resistance of oxygen and lithium ion in the electrolyte. Most of the Li2O2 generated by 

the reaction deposits at the vicinity of the oxygen channel and blocks the transfer of oxygen. At 

the end of the discharge, the oxygen concentration reduces to less than 1.0×10-4 kg/kg in most of 

the electrode. As a result, reaction within the electrode stopes due to the lack of oxygen. The 
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high oxygen concentration along the depth of the electrode is caused by the low diffusivity of 

oxygen in the liquid electrolyte (2.17×10-6 cm2/s). As a comparison, oxygen diffusivity in the gas 

phase (0.219 cm2/s) is about 5 orders of magnitudes higher than that in the liquid electrolyte. In 

order to facilitate the oxygen transfer within the electrode and improve the electrochemical 

reaction deep in the electrode, this study investigates electrodes that are partially saturated by the 

electrolyte. The gas phase serves as the oxygen transfer media and significantly improves the 

mass transfer of oxygen. 

 

Figure 29: The distributions of O2 when the battery is discharged at 1 A/m2. 

5.4.3 Electrode at Different Saturation Levels. The investigation starts with simplified 

distributions of the electrolyte. The electrolyte is assumed to occupy pores in the middle of the 

electrode first, which is shown in Figure 30. The volume fraction of the pores occupied by the 

electrolyte is proportional to the given saturation (100%, 87.5%, 75%, etc.). Figure 31 shows the 

discharge capacity of batteries with various electrolyte saturations (100%, 87.5%, 75%, and 

50%). The discharge capacity increases significantly from 7.41 to 19.31 Ah/g when the 

saturation decreases from 100% to 87.5% since oxygen is more abundant. The increase of the 

discharge capacity is mainly driven by the improved oxygen transfer within the electrode. When 

the electrolyte fully saturates the electrode, the oxygen concentration within the electrode is 
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relatively low. While the oxygen concentration is much higher when the electrode is partially 

(87.5%) saturated by the electrolyte. The availability of the dry pores at the top and bottom of the 

electrode significantly improve the oxygen transfer through the gas phase. Therefore, the oxygen 

supply is more sufficient during discharge in partially saturated electrodes. On the other hand, 

when the saturation is further decreased to 75% and 50%, the discharge capacity decreases to 

16.94 and 15.41 Ah/g. The decrease of the capacity is caused by the balance of improved oxygen 

transfer and availability of active reaction sites within the electrode. Since the discharge reaction 

(ORR) requires both oxygen and lithium ion, only carbon surface that has direct contact with the 

electrolyte can serve as the active reaction site. Reactions only happen when oxygen and lithium 

ion, that are dissolved within the electrolyte, reach the electric-conductive carbon surface. This 

model quantitatively exam the active surface area of the electrode by checking the pixels that are 

in the electrolyte phase and have carbon as neighbor cells. 

 

Figure 30: The distribution of the electrolyte (blue) within the porous electrode (black) at the 

saturation of 50%. 

x 

y 

50% 



66 

 

 

Figure 31: The corresponding discharge performance of electrodes with various electrolyte 

saturations at 1 A/m2. 

  

Figure 32 shows the oxygen concentration of electrodes with 100% and 87.5% of 

electrolyte saturations when the electrodes are discharged for 24 hours. The equivalent discharge 

capacity is 3.18 Ah/g for both electrodes. Most of the oxygen has been consumed in electrode 

with 100% saturation after 24 hours discharge (Figure 32 (a)). The evolution of the volume 

fraction of Li2O2 indicates that the volume fraction in the majority of electrode is below 0.2 at 

the end of discharge, although the porosity of the electrode is 0.65. The volume fraction of Li2O2 

is proportional to the discharge capacity. Although the electrode with 100% saturation is still 

capable to host more solid product, the insufficient oxygen supply stopped the discharge. The 

depletion of oxygen within the electrode saturated by the electrolyte leads to the death of the 

battery fully saturated by the electrolyte. For comparison, the oxygen concentration in the 

electrode with 87.5% saturation is still relatively high after 24 hours discharge (Figure (b)). As a 

result, most of the electrode has sufficient O2 for discharge and the volume fraction of Li2O2 

reaches above 0.4 at the end of discharge. The dry pores near the top and bottom of the 

computational unit provide fast oxygen path. The diffusional length of the oxygen in the liquid 
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electrolyte is significantly decreased from the thickness of the electrode (~200 µm) to the height 

of the representative unit (~5 µm), which greatly improve the oxygen transfer. The electrode 

with 87.5% saturation continued discharging until the Li2O2 completely filled pores. 

  

  
Figure 32: Distributions of O2 in electrodes with (a) 100% and (b) 87.5% electrolyte saturations 

after discharging at 1 A/m2 for 24 hours (3.18 Ah/g). 

5.4.4 Electrolyte Distribution. Since the electrolyte is assumed to occupy the center of 

the electrode, the amount of the active reaction sites change in proportional to the saturation: 

48.49% (50% saturation), 73.22% (75% saturation), 85.38% (87.5% saturation), and 100% (fully 

saturated). In real electrodes that are partially saturated by the electrolyte, the distribution of the 

electrolyte is governed by the capillary pressure. As a result, the amount of the action reaction 

site depends not only on the saturation but also the spatial distribution of the electrolyte. The 

solid matrix of the porous electrode is composed of carbon and binding polymer (PVDF, PTFE, 

Nafion etc.). The properties and distributions of carbon and binding polymers lead to different 

distributions of the wettability and pore size. Both the pore size and the wettability (contact 

angle) determine the capillary pressure, therefore, the distribution of the electrolyte. This study 

further investigates the distribution of the electrolyte with a given saturation. If the electrode 

matrix is assumed hydrophilic (when Nafion® or PVDF is applied as the binding polymer), 

electrolyte will occupy small pores first due to the higher capillary pressure in small pores. 
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This study applies the ball moving approach [114] to identify the diameter of pores in the 

regenerated porous electrode. All pores are assumed to be hydrophilic throughout the electrode. 

When the electrolyte fills the electrode, it will occupy small pores first due to the high capillary 

pressure within small pores. Figure 33 shows electrodes with different saturations (0 - 100%) of 

the electrolyte. The percentages of the active electrode surface (surface that is wetted by the 

electrolyte) are 0%, 40.87%, 65.07%, 83%, 91.07%, 95.98%, 98.60%, and 100% at the 

saturation levels of 0%, 16.57%, 36.13%, 58.88%, 72.91%, 84.66%, 93.46% and 100%, 

respectively.  The discharge performance of electrodes with simulated distributions of electrolyte 

Figure 33 are compared with the performance of the electrode saturated with electrolyte in 

Figure 34. Since pore surfaces in the electrode are assumed to be hydrophilic, the electrolyte 

prefers to wet the electrode surface. The simulated discharge capacity increases from 7.41 to 

21.38 Ah/g when the saturation decreases from 100% to 84.66% (which has 95.98% active 

surface area). In the electrode that is fully saturated by the liquid electrolyte, the insufficient 

oxygen concentration deep inside the electrode limits the reaction rates and the discharge current. 

When the saturation of the electrode decreases due to the available gas phase, oxygen could 

transfer deep into the electrode much easier through the gas phase. The improved oxygen 

transfer leads to the significantly increase of discharge capacity. However, when the saturation of 

the electrode is further reduced to 36.14%, only 65.07% of the electrode is wetted by the 

electrolyte and a large fraction of the electrode becomes inactive. As a result, the discharge 

capacity decreases to 15.79 Ah/g. The electrode with 36.14% saturation stops discharge because 

active pores have been completely filled with Li2O2 although sufficient oxygen is still available 

within the electrode. 
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 (a)  (b)  (c)  (d)  

(e)  (f)  (g)  (h)  

Figure 33: Battery electrodes with (a) 0%, (b) 16.57%, (c) 36.13%, (d) 58.88%, (e) 72.91%, (f) 

84.66%, (g) 93.46% and (h) 100% saturation. 

 

Figure 34: Discharge curves of batteries with various electrolyte saturations at 1 A/m2. 

5.4.5 Discharge Batteries at High Current Densities. Although 1 A/m2 is commonly 

used in existing experimental and modeling studies, this extremely low current density leads to 

very low power density. The total active area of batteries has to be very large in order to provide 

the required power. This not only drives up the cost but also the weight of the battery pack. Li-O2 

batteries that are capable to achieve high discharge and charge capacity at current rates, much 
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higher than 1 A/cm2, are required for practical applications. The model simulates in this study 

discharge electrodes with different electrolyte saturations at very high current densities (up to 50 

A/m2) to investigate the feasibility of the cell design. Figure 35 (a) compares the simulated 

discharge capacity at various current rates. Results show that electrodes that are partially wetted 

by the electrolyte could achieve similar capacity (Ah/g) at 20 A/cm2 with electrodes that are fully 

saturated with the electrolyte at 1 A/cm2 (Ah/g). The partially saturated (S=84.7%) electrodes 

could operate at 20 A/cm2 and generate the same capacity with the electrode that is fully 

saturated by electrode at 1 A/cm2. In other words, the partially saturated electrode increases the 

power density (voltage times the current density) by 20 times. With dry pores within the 

electrode, the diffusion path of oxygen in liquid electrode has been significantly decreased 

compared with the fully saturated electrode. Partially wetted electrodes have better utilization of 

the reaction sites deep into the electrode. On the contrary, a fully saturated electrode easily 

consumed up the oxygen and stops discharge. Although partially wetted electrodes achieve 

similar capacity with fully saturated electrode, the distributions of the reaction are very different. 

As a result, the volume fraction of the Li2O2 at the end of the discharge, Figure 35 (b), are 

significantly different. In Figure 35 (b), the total amount of Li2O2 is proportional to the discharge 

capacity, while the local volume fraction of Li2O2 is determined by the cumulative local reaction 

rates. In a fully saturated electrode, the volume fraction of Li2O2 next to the oxygen channel 

(x=1) is close to the porosity (0.65) but the volume fraction decreases very fast moving deep into 

the electrode. While in a partially wetted electrode (S=84.7), the distribution of Li2O2 volume 

fraction is more uniform due to the sufficient oxygen supply deep within the electrode. 

Simulated results in this study, that a partially wetted electrode outperform a fully 

saturated electrode, is consistent with my recently published experiments in Paper P2. Although 
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the simulation does not exactly match experimental data, the overall trends are similar. The 

mismatch between simulation and experiments is mainly due to the fact that it’s extremely 

difficult to engineer the distribution of wettability within the electrode by experiments to have 

exactly electrolyte distributions simplified in models. In addition, the model assumes that all the 

dry pores are connected, therefore, the oxygen can easily fill all the dry pores due to the high 

diffusivity in gas phase. However, only dry pores that are in direct connection with the 

environment has access to oxygen. Since each phase connects in all three dimensions, 3-D 

models that can capture the connectivity of all three phases will lead to more accurate simulation 

results on electrodes that are partially filled with liquid electrode. Further experiments and 

numerical simulations are being carried out in our lab to further elucidate the impact of 

electrolyte saturation and electrode wettability. 

 

(a)     (b)  

Figure 35: (a) Discharge capacities at different current rates when the electrode has different 

saturation levels and (b) the volume fraction of Li2O2 in the electrode at the end of discharge. 

In Paper P3, I reconstruct 3D porous structures of porous electrodes from 2-D SEM 

images, and quantitatively study the distribution of the electrolyte at various saturations, and 

simulate the discharge performance of a Li−O2 battery. The low operating current density and 

power density of Li−O2 batteries are both limited by the availability of reactants (oxygen and 
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lithium ion) during operation. This study reconstructs 3-D porous structures of porous electrodes 

from 2-D SEM images, quantitatively studies the distribution of the electrolyte at various 

saturations, and simulates the discharge performance of a Li−O2 battery. This research sheds 

lights on the critical role of liquid-gas two-phase mass transfer within the porous electrode on the 

electrochemical performance of Li−O2 batteries. Fully saturated electrodes (100% saturation) 

have high oxygen transfer resistance, which will impede the battery performance at typical 

electrode thickness (~200 μm). On the other hand, over-dried battery (with 50% or less 

saturations) electrodes have poor electrochemical performance due to low connectivity of the 

electrolyte phase. It leads to not only the low ionic conductivity of the electrolyte but also the 

high mass transfer resistance of the lithium ion. The mixture of hydrophilic and hydrophobic 

pore makes it possible to achieve high discharge capacity (> 7 Ah/g) at high current (~20 

A/cm2). The design of the battery electrode should consider both the thickness of the electrode, 

the initial amount of the electrolyte, and the evaporation of the electrolyte during operation. 

These findings enable the design of advanced Li−O2 battery electrodes with high capacity at high 

operating current and power densities, which are critical to accelerate the deployment of this 

beyond Li-ion battery technology to transport and stationary applications. 

In this chapter, the problems exist in computationally reconstruct and simulate the 

geometry, which is less time-efficiency. I will address those issues in chapter 6 and propose the 

potential approach in chapter 7. This research sheds lights on the critical role of liquid-gas two-

phase mass transfer within the porous electrode on the electrochemical performance of Li-O2 

batteries.  
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Chapter 6: Additional Imaging Techniques 

Besides the experimental methods introduced in Chapter 2, various imaging techniques 

are utilized. This chapter is based on Paper P4 and an ongoing project. It includes a predictive 

tool and proposed use of advanced imaging technique.  

6.1 Introduction 

Porous media are widely used in the energy storage system and categorized into packed 

beds and open foam structures. Various theoretical and experimental research on the stagnant 

thermal conductivity of porous materials has been performed and summarized [115]. The 

thermal conductivity of both packed beds and the solid matrix is strongly affected by properties 

of constituent materials and the porosity. However, the thermal conductivity predicted by models 

is significantly different from each other. The major limitation is that most of these models only 

apply to certain geometry of matrix material, or a narrow range of the porosity, or a range of 

fluid conductivities. Besides, models derived based on packed beds cannot investigate foam 

materials and vice versa, because the connectedness of packed beds is considerably different 

from that of foam materials. The errors between the predicted stagnant conductivity and 

experimental measurements are unacceptable [116-118]. Therefore, a predictive tool is 

developed that can more commonly describe the stagnant thermal conductivity of porous media 

in Paper P4. This model considers the detailed pore geometry (sphere, cube, or irregular; no 

contact, point contact or surface contact etc.), material properties (conductivities of the solid 

matrix and the filling material) and porosity (from less than 0.5 to higher than 0.9). 

Though the simulation of the stagnant thermal conductivity is less related to the electrode 

wettability, in this chapter, I mainly address the importance of imaging techniques in the research 
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and present ongoing project of measuring the structure of positive electrode using transmission 

X-ray microscopy. 

6.2 Metal Foam Reconstruction by Micro-CT 

I employ the micro-CT to measure the geometry of the metal foams and reconstruct it 

using home-written codes based on Python 2.7.6. This method overcomes the shortcomings 

caused by the simplified geometries of the matrix. The stagnant thermal conductivity of Al-

foams is directly simulated using pore geometries measured by Micro-CT. In this work, Al-

foams with different pore sizes, 5, 10, 20, and 40 PPI show the porosities of 0.907, 0.899, 0.909, 

and 0.874, respectively. Cylindrical Al-foam samples (with 25 mm in diameter and 7 mm in 

height) are measured with an Xradia MicroXCT-400 tomographic X-ray microscope. The 

resolution of the micro CT image is 1 µm. I present three-dimensional (3-D) views of Al-foam 

samples with the pore size of 5, 10, 20 and 40 PPI in Figure 36. The 2D slices of four Al-foam 

samples are shown in Figure 37. The three-dimensional image is obtained by the image 

processing software of the X-ray microscope. Meanwhile, all two-dimensional slices are 

processed to remove the noise and convert images from grayscale to binary, which is prepared 

for the reconstruction. The processed binary data of each slice are reconstructed to three-

dimensional computational domain. Figure 38 shows the reconstructed three-dimensional 

geometries of four samples. The reconstructed geometries consider the details of Al-foams and 

therefore guarantee the accuracy of the simulation.  
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Figure 36: The three-dimensional views of Al foams with the pore sizes of (a) 5 PPI, (b) 10 PPI, 

(c) 20 PPI, and (d) 40 PPI. 

     

    

Figure 37: The 2D slices of Al foams with pore sizes of (a) 5 PPI, (b) 10 PPI, (c) 20 PPI, and (d) 

40 PPI. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure 38: Reconstructed three-dimensional structures of Al foams with the pore sizes of (a) 5 

PPI, (b) 10 PPI, (c) 20 PPI, and (d) 40 PPI. 

 

6.3 Transmission X-ray Microscopy 

As discussed in Chapter 5, the numerical approach is more suitable to research the 

electrochemical processes happening in the electrode. Obtaining the geometry of the electrode is 

necessary for the simulation. I have successfully reconstructed the geometry of the positive 

electrode using the 2D slices obtained by focused ion beam scanning electron microscopy (FIB-

SEM) in Paper P3. The overall procedure is binarizing the images and then using the computational 

algorithm to complete the reconstruction. However, this procedure can be time-consuming and 

computationally expensive.  

To our knowledge, the synchrotron X-ray technology has been employed to measure and 

reconstruct the 3D geometry of a sample [119-120]. Synchrotron radiation results from bending or 
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steering a high energy electron beam with bending magnets into a continuous circular or ring path. 

This is achieved within a series of particle accelerators in a synchrotron light source. The use of 

synchrotron radiation as an X-ray source can enhance the image quality and phase contrast 

resolution due to higher X-ray flux [121]. Compared with the FIB-SEM technique, the synchrotron 

X-ray can perform the measurement without destroying the sample. Furthermore, this technology 

is more time-saving compared with the above procedure. Therefore, I choose this imaging 

technique to measure the geometry of the customized electrode used in my experimental study. 

The 32-ID-C Transmission X-ray Microscopy is located at the Advanced Photon Source 

(Argonne National Laboratory). It can provide an image with a 16 nm spatial resolution. The 

facility at APS includes nano-scale imaging with absorption, phase contrast, and spectroscopy 

techniques. Moreover, it can be operated in a wide range of sample’s environments. The carbon 

electrode is made of the acetylene black and the polytetrafluoroethylene (PTFE) binder. The 

prepared electrode is measured by the 32-ID-C Transmission X-ray Microscopy. During the 

measurement, the software collects projection radiographs over an angle range of 180°. The 

individual exposure time of 1 s per radiograph and the beam energy is 8 keV. After acquiring the 

raw volumetric data, the reconstruction is performed to generate an image stack of 2D slices. 

 

6.4 Image Processing 

ImageJ is known as a public domain multi-platform software written for image analysis. 

This software focuses more on quantification, measuring and mathematical processing of 

images. Recently, the development of major microscopic techniques is thriving in many research 

fields such as medical science and engineering. These techniques allow me to receive images of 

higher resolution and obtain true 3D volumetric data. In order to process those data such as 
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visualization and quantification, multiple software has been developed and utilized. Here We 

present the procedure of reconstructing 3D geometry from 2D slices using ImageJ. 

6.4.1 Filtering. I employ the software ImageJ to process the obtained image stack of 2D 

slices. After importing all the 2D slices into the ImageJ, it is necessary to correlate the image 

dimensions in the pixel to physical dimensions. Based on the measured parameters, the pixel size 

is calculated as 54 nm in the image stack. Afterward, the filter is applied to reduce the noise by 

which the image stack is prepared for the binarization. In this work, I choose the bandpass filter 

which is a 2D Fourier filter in the ImageJ. Basically, this filter can remove high spatial frequencies 

(blurring the image) and low spatial frequencies (similar to subtracting a blurred image). It can 

also suppress horizontal or vertical stripes that are created by scanning an image line by line. For 

the image stack in my study, I apply the bandpass filter to remove high-frequency noise. Therefore, 

the quality of the image stack is improved. After filtering, the image stack is more qualified for 

the binarization. For example, Figure 39 shows one 2D slice before and after the filtering process.  

     

Figure 39: The image (a) before and (b) after the filtering process. 

6.4.2 Binarization. Image processing algorithms require a binary image that can be 

produced by converting the 8-bit image. The thresholding is a technique for dividing an image 

into two (or more) classes of pixels, which are typically called "foreground" and "background." 

The adjust threshold tool helps in determining the threshold, an interval of values is manually 

(a) (b) 
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selected and applied. In this work, I set the lower threshold value of 0 and the upper threshold 

value of 160, which segments gray-scale images into features of interest and background. The 

procedure of binarization is shown in Figure 40. Proceeding the binarization produces the proper 

binary image stack for further reconstruction. Since the sample only occupies the central area of 

the image, the cropping tool is applied to trim the image stack. For example, the selected area in 

Figure 40 (b) is 200 × 200 pixels. 

     

Figure 40: (a) The binary image and (b) the selected part in this image. 

6.4.3 3D Visualization. Interpreting the image stack of 2D slices into 3D geometry may 

sometimes be the most complicated task of the image processing. Due to the development of 

powerful computers and 3D graphics cards, the visualization can now be performed easily on 

most computers. A plugin 3D Viewer is a powerful tool for 3D visualization in ImageJ. The 3D 

geometry is represented as a succession of 2D slices in the Z direction. The reconstructed 3D 

geometry is shown in Figure 41. This is the first time that I can directly measure the 3D 

geometry of the positive electrode in this dissertation. 

(a) (b) 
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Figure 41: The generated 3D geometry using ImageJ. 

6.4.4 Image Analysis. Once the image stack of 2D slices is segmented and reconstructed, 

the image analysis will be performed. This part is going to compute the porosity and surface area 

of the sample. The basic imageJ is suitable to deal with the 2D image in terms of measuring the 

porosity and particle size. For the 3D geometry, the Bonej plugin is installed and utilized. Bonej 

has the function of volume fraction that can calculate the porosity of porous media. Besides, the 

commands of surface area and particle analyzer can calculate the surface area and pore size, 

respectively. Results of image analysis obtained by BoneJ show that the total volume is 2.52 × 

1012 nm3 and the volume of pores is 2.10 × 1012 nm3. The porosity is 0.833. The image histogram 

result shows that the number of 0 pixels is 2669669 and the number of 1 pixel is 13370331. The 

porosity based on the histogram is 0.833. Therefore, the results calculated by BoneJ is verified. 

The surface area obtained from Bonej is 6.08 × 109 nm2. The total volume of the analyzed 

sample is 2.52 × 1012 nm3. Meanwhile, the volume of carbon coatings in the electrode is 2 cm2 × 

200 µm = 4 × 10-8 m3 and the weight of coatings is 6 mg. Therefore, the weight of the analyzed 

sample is 3.78 × 10-10 g. The calculated specific surface area is 16.08 m2/g. The surface area of 

acetylene black measured by N2 adsorption/desorption is 76.5 m2/g. Considering the resolution 
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of 54 nm and the agglomerates formed in the coatings, the result calculated by BoneJ seems to be 

reasonable. The plugin BoneJ has a function of particle analyzer which can be used to analyze 

the particles in a 3D geometry. In my work, the particle analyzer can be used to analyze pores 

since the dark color represents pores. The pores are labeled in a 3D view which is shown in 

Figure 42. Assuming the pores are a spherical shape, the calculated pore size distribution is 

shown in Figure 43. The pore size distribution analyzed by BoneJ confirms that the resolution of 

this measurement is 54 nm. Results can be regarded as compensation for pore size analysis since 

the N2 adsorption/desorption method mainly measures the mesopores (2-50 nm).   

 

Figure 42: The 3D view of the geometry with labeled pores. 
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Figure 43: Pore size distribution obtained by BoneJ. 

In this chapter, I introduce imaging techniques that can efficiently reconstruct the 

geometry of different samples. The micro-CT is suitable for the object with micropores. For the 

nanoscale pores, the transmission X-ray microscope can be applied. In practice, the geometry of 

Al-foam is measured and reconstructed after which the stagnant thermal conductivity of porous 

media is investigated. Moreover, I propose the use of a transmission X-ray microscope and 

ImageJ for reconstructing a 3D geometry and evaluating the porosity and surface area of the 

positive electrode in Li−O2 batteries. This method can more quickly obtain the volumetric data 

and more conveniently conduct the image analysis. The proposed procedure is more useful in the 

dimensional characterization of carbon electrodes. This can be used as a great tool to investigate 

the porous structure of positive electrodes for Li−O2 batteries. The ongoing project shows the 

great potential of benefiting the understanding of two-phase mass transfer in Li−O2 batteries. 
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Chapter 7: Conclusion and Future Work 

7.1 Conclusion 

Li−O2 batteries have been highlighted as a promising technology in the field of energy 

storage. It is still at the infant stage, although significant achievements have been made since it 

was first reported. In this dissertation, I mainly research the effects of electrode wettability on the 

performance of Li−O2 batteries.  

Based on the experimental study, the customized electrodes containing PVDF binder or 

less PTFE binder are lyophilic and their corresponding discharge capacity is lower than those of 

lyophobic electrodes. The lyophobic electrode can provide more gas paths for O2 diffusion and 

enhance the O2 availability for the ORR. The mixed wettability can balance the promotion of 

oxygen diffusion and the adequate number of reaction sites. Therefore, configuring the 

wettability in the electrode design is an important direction to increase the discharge capacity of 

Li−O2 batteries. Secondly, an innovative strategy of periodically discharging and resting 

batteries is proposed and examined. The discharge capacity of Li-O2 batteries is increased by 

50% when these batteries are discharged at intermittent currents of 0.1, 0.5, 1.0 and 1.5 mA/cm2. 

After the battery is discharged at a high current density of 2.0 mA/cm2, the Li-O2 batteries can be 

further discharged at lower current densities (1.5, 1 mA/cm2 etc.). The Li-O2 batteries with 

lyophilic electrodes, such as PVDF 15% electrodes, can gain more discharge capacity at 

intermittent discharge current. The cycling performance is also promoted by increasing the cut-

off capacity. 

The numerical study in this dissertation demonstrates that neither the fully saturated 

electrode nor the over-dried electrode is suitable for Li−O2 batteries. More wetted pores in the 

electrode result in higher O2 transfer resistance and more dried pores lead to the reduction of 
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reaction sites. The mixture of lyophilic and lyophobic pore makes it possible to achieve high 

discharge capacity (> 7 Ah/g) at high current (~20 A/cm2). The design of the battery electrode 

should consider both the thickness of the electrode, the initial amount of the electrolyte, and the 

evaporation of the electrolyte during operation. Although the simulation does not exactly match 

experimental data, the overall trends are similar. These findings enable the design of advanced 

electrodes with high capacity at high operating current and power densities, which are critical to 

accelerating the launch of Li−O2 batteries. 

7.2 Future Work 

The suggested future work targets at the optimization of positive electrodes and the 

understanding of two-phase mass transfer in porous media.  

For the positive electrodes, the porous structure of the positive electrode affects the mass 

transport of O2 and Li+ in parallel with the importance of aprotic electrolytes. I will try to find a 

suitable combination of mesopores and macropores due to their ability to balance the surface area 

and mass transport. More experiments are required to examine the coupled effects of (i) surface 

area, (ii) pore volume, and (iii) pore size on the performance of Li−O2 batteries. 

Secondly, carbon materials (e.g., carbon blacks and nanotubes) are still a major choice for 

fabricating positive electrodes. The cost of fabricating carbon electrodes should also be considered. 

Using natural materials, such as woods and tea leaves, are more promising for the development of 

the porous positive since those materials are less expensive and more environmentally friendly. I 

will apply different materials in fabricating the positive electrodes. Besides, other materials such 

as Co9S8 will be used to fabricate the positive electrode due to its catalytic property. 

Thirdly, since the imaging techniques such as FIB-SEM and TXM show the capability of 

measuring the geometry of objects, I will continue the ongoing project mentioned in Chapter 6. 
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The aim is to find an appropriate method to obtain the detailed geometry of the positive electrode. 

This method should both guarantee the accuracy of describing the porous structure and save time 

in the measurement. It is crucial to distinguish the carbon particle phase and the binder phase. 

When the geometry is successfully reconstructed and different phases are correctly labeled, a 

home-made code based on the finite element method will be used to simulate the two-phase mass 

transfer in the electrode. The obtained results may shed light on clarifying the electrode wettability 

and improving the electrode design for Li−O2 batteries. 
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