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ABSTRACT OF THE DISSERTATION 

 

Theoretical and Experimental Study on Mass Transfer of Battery Organic Electrolyte in 
Ambient Air 

 

by 

Bongjin Seo 

Doctor of Philosophy in Mechanical and Aerospace Engineering 

University of California, Irvine, 2021 

Professor Yun Wang, Chair 

 

A Lithium-ion (Li-ion) batteries are major energy storage resources for electronic devices 

and electric vehicles. Among the types of Li-ion batteries, the lithium-air (Li-air) battery is 

promising due to its theoretically high energy capacity which is comparable to that of 

gasoline. However, formation of lithium oxides from the oxygen reduction reaction (ORR) in 

the Li-air cathode during discharging operation can cause voltage loss by lithium oxides 

precipitation in the cathode electrode and eventually leads to a failure of operation. 

Therefore, understanding the ORR spatial variation is crucial in Li-air cathode design and 

development. On the other hand, electrolytes are key parts of battery, which provide a 

pathway for ion transport to the electrochemical reaction sites. Battery electrolyte organic 

solvents are volatile, flammable, and harmful to the human body, causing eye and skin 

irritation, soreness, and/or nausea. Battery surface damage in events of electric vehicle 

collisions or dropping portable devices may cause electrolyte leakage, exposure to air and 

diffusion in air, raising health concerns. In addition, operation of the Li-air cathodes, which 
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involves direct contact with ambient air, has a major concern of electrolyte loss if no effective 

protection layer to prevent electrolyte evaporation is applied.  

In the first part of this study, the spatial variation of cathode reaction rates in a Li-air 

battery was investigated with 1-D reaction-diffusion transfer models for a single- and 

double-layer cathode structure. In order to find an optimal cathode design with minimum 

spatial variation, the nondimensionalized equation was analyzed with various Damköhler 

numbers (Da) and transfer coefficients (β) values.  

In the second and third parts of this study, evaporation-driven mass transport models 

were proposed to estimate diffusivity of battery organic solvents in ambient air and the 

impacts of adding a porous layer. The measured organic solvents are 1,2-dimethoxyethane 

(DME), dimethyl carbonate (DMC), diethyl carbonate (DEC), and propylene carbonate (PC) 

which are typical electrolyte materials. After the model of diffusivity in air was validated 

using liquid water and alcohol, diffusivities of DME, DMC, and DEC are measured and found 

to be 0.0925 cm2/s, 0.2116 cm2/s, and 0.0569 cm2/s, respectively. The PC testing that 

showed a liquid loss smaller than the measurement uncertainty due to its slow evaporation 

rate resulted in failure of measurement. Thus, the proposed method is valid for liquid 

solvents that have relatively fast evaporation under ambient conditions. The evaporation 

measurement for the case of a porous layer showed that adding a porous layer effectively 

depressed solvent evaporation and diffusion. However, the model prediction and the 

experimental results were inconsistent as they have 1,000 times difference in correction 

constant (ετ). One possible hypothesis to account for this large discrepancy is the solubility 

between the pore material and the liquid solvents.  
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CHAPTER 1: Introduction 

1.1 Motivation and Background 

As the global population has been increasing, energy conversion has become a dominant issue [1]. 

The energy needs of the past, present, and future as shown in Figure 1.1 demonstrate that the 

energy conversion demands, which was 14 TW in 2014, will likely be doubled by 2050 to continue 

to meet the worldwide needs [1]. The U. S. Energy Information Administration recently reported 

that approximately 63% of total energy of the U. S. was produced by converting fossil fuels (e.g., 

coal and natural gas) in 2017 as shown in Figure 1.2 [2]. Energy conversion from fossil fuel causes 

the emission of CO2 which is the dominating source for global warming. To address this problem, 

several renewable energy sources, such as wind, solar, and biomass have been proposed [1]. 

However, these sources strongly depend on the facility location and daily-to-seasonal weather 

dynamics. Large-scale facilities for utilizing renewable energy are dispersed all around the world. 

To effectively utilize these sources, an efficient energy-storage systems are required. However, the 

current capacity to store energy from these sources has been reported to be only around 1% [1]. 

Therefore, it is necessary to develop an alternative technology to store large amounts (magnitude) 

of energy.  
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Figure 1.1. Past, present and forecast of the world’s energy needs from 1950 to 2050. With the 

increase in population and changes in lifestyles, the world’s energy rate demand is expected to 

double from 14 TW (2010) to 28 TW (2050). TOE = ton of oil equivalent. Map: ©  Macmillan 

Mexico/Haide Ortiz Ortiz, Mario Enrique Ramírez Ruiz [1]. 

 

 

Figure 1.2. (Left) Electricity generation by type in the U.S. (2017). (Right) CO2 emission by fuel 

type in the U.S. (2017) [2]. 
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Lithium (Li) based batteries (Li-ion) have been proposed as an alternative energy storage 

technique due to the unique properties of Li, such as its lightness and low electronegativity (-3.045 

V), [3]. A batter’s specific capacity to store energy is determined by the capacities of both the 

cathode and anode materials. Previous research reported that the maximum energy storage in a 

lithium-graphite battery is 200 mAh/g [3]. Table 1.1 compares the theoretical energy values of 

energy-storage devices. Even though Li batteries have shown high potential to store energy, their 

current energy storage capacity is much lower than what is needed to meet the current energy 

demand.  

 

Table 1.1. Data for several electrochemical reactions that form the basis of energy-storage devices 

[3]. 

Battery Cell voltage (V) 

Theoretical specific energy 

(Wh/kg) 

Theoretical energy density 

(Wh/L) 

Li-ion 
1

2
C6Li + Li0.5CoO2 ↔ 3C + LiCoO2 

3.8 387 1,015 

Zn-air 

Zn +
1

2
O2 ↔ ZnO 

1.65 1,086 6,091a (ZnO) 

Li-S 

2Li + S ↔ Li2S 
2.2 2,567 2,199b (Li+Li2S) 

Li-O2 (non-aqueous) 

2Li + O2 ↔ Li2O2 
3.0 3,505 3,436c (Li+Li2O2) 

Li-O2 (aqueous) 

2Li +
1

2
O2 + H2O ↔ 2LiOHd 

3.2 3,582 2,234e (Li+H2O+LiOH) 

aBased on the volume of ZnO at the end of discharge; bbased on the sum of the volumes of Li at the beginning and 

Li2S at the end of discharge; cbased on the sum of the volumes of Li at the beginning and Li2O2 at the end of 

discharge; dassuming the product is anhydrous LiOH and alkaline conditions; and ebased on the sum of the volumes 

of Li + H2O consumed and the LiOH at the end of discharge.  
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Compared to Li-ion batteries, a lithium-air (or Li-air) battery could be a great promise for 

high specific energy storage due to its high theoretical energy density [4-7]. Bruce et al. reported 

a theoretical specific energy of 3,505 Wh/kg for a Li-air battery, which is much larger than that of 

387 Wh/kg for a Li-ion battery [3]. In addition, the specific capacity for carbon-based Li-air 

cathodes was reported as 2500-5000 mAh/g, which is higher than that of Li-ion batteries [8]. 

Therefore, Li-air battery technique has been extensively investigated since it was first introduced 

by Abraham and Jiang in 1996 [9]. However, Li-air battery technique has several challenges, such 

as a slower discharge rate compared to Li-ion battery. In addition, air cathode is one of the most 

challenging subjects in non-aqueous Li-air battery development [4, 8, 10]. A couple of major 

problems in the air cathode lead to voltage loss and consequential capacity reduction, such as 

precipitation of discharge products and electrolyte consumption [4, 8, 11-14]. Precipitates of 

cathode discharge products in nonaqueous electrolytes are well known to cause voltage loss and 

eventual shutdown of the discharge operation. Another possible reason for capacity reduction is 

electrolyte consumption. Since a Li-air battery uses O2 in air for the cathode, electrolytes are 

essentially exposed to the ambient air, which is a major difference with other types of batteries. 

This open structure might result in loss of electrolyte by evaporation. Depletion of electrolytes by 

electrolyte-consumption prevents Li+ from transferring from the anode to the cathode, which 

eventually causes shutting down discharge operation. Therefore, Li oxide precipitation, electrolyte 

consumption, and slow discharge rate are major issues to be resolved to commercialize Li-air 

batteries. 

In the structure of a battery, an electrolyte is placed in between the anode and cathode 

electrodes and acts as the media to transport ions between the two electrodes. The type of 

electrolyte material impacts ion transport, electrochemical reactions (e.g., parasitic reactions), and 
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spatial variations of electric potentials [15, 16]. Therefore, the selection of electrolyte material is 

one of the main subjects in battery development. Various compositions of electrolytes have been 

reported to enhance the performance of electrolytes [17-21]. However, light-metal-based batteries 

may be damaged, burned, or exploded [17, 18]. In the event of electrolyte leakage from cracks or 

damage, liquid electrolytes are directly exposed or vaporized to the air, raising health concerns 

[22-24]. In addition, in metal-air batteries, a redox reaction occurs between the active metal 

material in the anode electrode and the oxygen in the cathode. The latter is supplied to the cathode 

structure through ambient air circulation or direct diffusion; thus, electrolyte loss may occur due 

to evaporation to ambient air, which raises adverse health effect.  

A Li-air battery must be open to ambient air as the oxygen reactant at the cathode electrode 

should be supplied from the air. However, in most cases, an electrolyte is in liquid phase and the 

liquid has to be maintained inside of the cells while the gaseous reactant needs to be supplied. To 

resolve this issue, membranes, a porous structure, are installed to selectively allow the gaseous 

component to enter the cell while the liquid electrolyte stays in the battery cells. In the porous 

structure, gaseous molecules are transferred by diffusion. However, the diffusive transport would 

have a different behavior or rate than what might happen in the ambient air due to blockage of the 

porous structure. Accordingly, the apparent diffusivity would be different (mostly smaller) with 

the nominal diffusivity even though the gas composition and other conditions, such as temperature 

and pressure, are the same. In such cases, the corrected coefficient, or effective diffusivity, needs 

to be determined.  
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1.2 Research Objectives 

Mass transport in advanced energy storage systems is investigated in this dissertation. Chapter 2 

focuses diffusive transport and reaction of oxygen reactant of the Li-air battery. In Chapter 3, 

molecular diffusion of battery organic solvents is measured by using a derived model. In Chapter 

4, the model derived in Chapter 3 is further expanded for the diffusion through porous media. The 

three subjects, along with the detailed objectives, of this dissertation are outlined below. Figure 

1.3 demonstrates graphical abstracts of the three subjects.  

(1) Investigating the spatial variation of cathode reaction rates in lithium-air battery cathode 

electrode: To develop a novel advanced multi-layer cathode structure for use in a Li-air 

battery to improve its capacity, it is important to understand spatial variation of cathode 

reaction rates. To do so, a theoretical approach to develop the oxygen diffusion and 

consumption model, including oxygen reduction reaction in the cathode electrode, needs 

to be conducted. The analytical solution is extended to be useful for multi-layer 

configurations with minimum spatial variation to reduce the oxygen blockage and voltage 

loss. 

(2) Molecular diffusion and evaporation rate of battery organic electrolytes in ambient air: 

Battery organic electrolytes are designed to stay inside the cells. However, in events of 

electric vehicle car crash, battery damage by an unexpected impact, or electrolyte leakage 

from a battery scratch, the electrolyte can be exposed or evaporated into the air. Organic 

solvents commonly used as battery electrolytes are known to be harmful to the human 

body, causing irritation, soreness, and nausea. To understand the behavior of organic 

solvents in the air, it is crucial to determine evaporation rates and diffusivity of the 

evaporated organic solvents in ambient air. An evaporation-driven convectional diffusion 
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model was derived. The model was validated by comparing the results in this study to 

those reported in the literature.  

(3) Evaluation of evaporation and diffusion of gas in porous media: Gas diffusion though 

porous media occurs in the cathode-air membrane of a Li-air battery. The diffusive 

transport in porous media behaves differently from the molecular diffusion in air due to 

the impediment of molecular movements by the structure. With the resistivity idea 

analogous to thermal resistance of heat transfer, a model was developed to predict the 

effective diffusivity in porous media The model results were compared to the experimental 

results.  

 

 

Figure 1.3 Dissertation contents outline. 
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CHAPTER 2: Spatial Variation of Cathode Reaction Rates in 

Lithium-Air Batteries 

Abstract 

In this chapter, spatial variation of cathode reaction rates has been investigated. When oxygen is 

supplied to the cathode side of Li-Air batteries, oxygen reduction reaction occurs as diffused 

oxygen reacts with Li+ to produce power. To investigate the reaction rates, a 1-D transport model 

has been developed. For the model, a non-dimensionalized transport equation and dimensionless 

number Da have been used to characterize mass transfer while the Tafel equation has been used 

to model the electrochemical reaction. To verify the developed model for a single layer and multi-

layer cathode, the case studies, designed based on literature data of oxygen diffusivity in 

nonaqueous electrolytes, have been conducted. The single-layer cathode study shows that O2 

concentration at the membrane interface is larger for the smaller Da case with any 𝛽 values. In 

addition, the larger current value for the smaller Da case becomes smaller when dimensionless 

distance increases over ~0.6. The multi-layer cathode design minimizes the spatial variation of the 

reaction rates by introducing materials with different diffusivity and reactivity. Large power 

production due to large reaction rate is not always desirable as it may result in voltage loss by 

product precipitation in the cathode electrode and consequential oxygen transport blockage. 

Accordingly, choosing the electrolyte and cathode structure to evenly reduce the reactant 

concentration is crucial. 
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2.1 Introduction 

Lithium-air battery performance can be predicted by calculating consumption of O2 in cathode 

electrode. In discharge operation, the oxygen reduction reaction (ORR) rate determines the 

production rate of Li oxide precipitates and their volume fraction in cathode at the end of the 

discharge. The one dimensional (1-D) schematic diagram of a typical Li-air battery and its 

discharge operation are shown in Figure 2.1. 

 

 

Figure 2.1 Schematic of a Li-air battery and its discharge operation with Li2O2 as an example of 

discharge product. y (= x in this proposal) starts at the interface between the separator and cathode 

electrode; and δ denotes the thickness of the cathode electrode [12]. 

Since magnitude of voltage in the battery depends on the number of remaining pore spaces 

after precipitation of the discharged products, understanding the ORR spatial variation is 

significantly important in design and development of the cathode layer for Li-air batteries. 
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Many studies have been conducted to resolve these issues by exploring electrochemical 

reaction mechanisms, electrode structures, and materials (e.g., electrolyte and catalyst). Analytical 

research works have been proposed to indicate the spatial variation of reactant concentrations in 

consideration of the local ORR rate as well as the effect of the discharge products precipitation in 

the cathode on the O2 transport blockage and voltage loss. Wang [11] presented theoretical 

evaluation on the spatial variations of oxygen, temperature, Li-ion, and phase potentials, and 

demonstrated that a sufficiently thin cathode would yield a uniform ORR rate across the cathode. 

Wang and Cho [14] analyzed the spatial variations of major quantities in the cathode, the oxygen 

concentration profile across the cathode, and the voltage loss caused by the electrode passivation 

and oxygen transport. They further proposed a 2-D model consisting of conservation of species, 

charges, and energy to examine spatial variations of the ORR reaction across the cathode and 

through an oxygen supply channel. The results indicated a large variation in the ORR rate across 

the cathode, and the variation in the other direction could be significant for thin oxygen supply 

channels. Wang et al. [12] further explored the spatial variation of oxygen as a function of the 

Damköhler (Da) number and obtained the analytical solutions for the oxygen concentration. In 

addition, Albertus et al. [25] indicated that precipitate covers the reaction surface in a thin film, 

resisting electron transport for electrochemical reactions. They proposed a 1-D model following 

the Li-ion battery approach and predicted spatially varying quantities across the cathode. Williford 

and Zhang [26] proposed an interconnected dual pore system (one catalyzed and the other non-

catalyzed) to improve oxygen transport of the air electrode. The system was analyzed by numerical 

simulations of finite difference method. Viswanathan et al. [27] investigated the electrical 

conductivity in Li2O2 theoretically and experimentally. They pointed out that the sudden death is 

related to a critical thickness of Li2O2 deposit. Li and Faghri [28] developed a two-dimensional, 
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transient, and non-isothermal model to investigate on spatial distributions of oxygen, Li-ion, 

lithium peroxide (Li2O2), and temperature in the carbon electrode. They found that thick electrode, 

the cathode with low open ratio, and high discharge current lowers the utilization portion of the 

electrode. Andrei et al. [29] presented a model for Li-Air batteries with dual electrolyte using the 

mass transport and drift-diffusion equations of the electrolyte. They analyzed two regimes of 

operation: (1) when concentration of the electrolyte is smaller than the concentration of saturation 

of Li+OH¬ in water; and (2) when the electrolyte concentration is more than saturation 

concentration, considering deposition of reaction product. They claimed that the limiting factors 

for low power density of the batteries are the low values of oxygen diffusion coefficient in the 

cathode and the relatively high separator-anode and separator-cathode interface resistances. 

Sahapatsombut et al. [30] developed a micro-macro homogeneous mathematical model to 

determine spatial variation of battery capacity and discharge potential by considering Li2O2 layer 

inside the cathode and active surface morphology changing with the Li2O2 growth as well as 

concentrations of oxygen and Li-ion. Yoo et al. [31] developed a mathematical model in 

consideration of volume change in Li-Air cell due to metal oxidation in anode and solubility of 

reaction product in cathode. Their numerical study showed how effective reaction area as well as 

the volume available for electrolyte changes during operation. They also indicated that the cell 

voltage cannot be maintained constant because of reduction of the effective reaction area. Sergeev 

et al. [32] conducted a numerical study to evaluate pore filling at 100% depth of discharge and 

cell-level specific energy by considering oxygen diffusion and non-uniform product precipitation 

at different discharge current densities in different electrolytes. Furthermore, Mayur and Bessler 

[33] proposed a two-dimensional model to investigate a Li-air button cell cathode for five different 

electrolytes including water, ionic liquid, carbonate, ether, and sulfoxide. They predicted the 
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spatial distributions of oxygen, Li-ion, and reaction rate in the cathode with respect to electrode 

saturation. However, little analysis on multi-layer cathode in Li-air battery has been conducted. 

The multi-layer cathode is more suitable for minimizing radical variation of the cathode reaction 

rate by tuning the reaction rates with different structures.  

In order to improve Li-air battery performance and to understand the mechanisms of Li 

oxide precipitation, it is significantly important to analyze spatial variation of the cathode reaction 

rates and Li oxide impact on voltage loss. Based on the analytical results, an optimized double-

layer cathode can be designed. 

2.2 Theory and Model Development 

2.2.1 Spatial Variation of Single-layer Cathode Reaction Rates 

The details of ORR in air cathode are described below. Li metal is oxidized in the anode by losing 

an electron as: 

 Li → Li+ + 𝑒− (2.1) 

The Li+ moves to cathode via electrolyte, while the electron moves to the cathode through the outer 

loop, working as electric current. In the cathode, oxygen gas contained in the air reacts with the 

Li+ from the Li metal anode as following the reactions below [31], 

 O2 + 𝑒− → O2
− (2.2a) 

 O2
− + Li+ → LiO2 (2.2b) 

 2LiO2 → Li2O2 + O2 (2.2c) 
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Therefore, the overall reaction of Li oxide production can be derived from the reaction pathway 

shown in equation (2.2a-c) as [31], 

 2Li+ + 2𝑒− + O2 → Li2O2 (2.3) 

Oxygen transport is also of importance in calculation of battery performance. In air 

cathodes, liquid electrolyte is filled with the cathode structure which has a network of pores. The 

oxygen begins to be dissolved at the electrolyte-air interface, and then the dissolved O2 is 

transported to the separator surface by diffusion. However, since the Li+ from anode is transferred 

to the electrolyte-air interface in the cathode at the same time, O2 will be consumed by reacting 

with Li+ to produce the Li oxide precipitates during the species transport. In consideration of the 

diffusion and reaction, a 1-D transport equation is written as below [34]: 

 
𝜕𝜀𝐶𝑂2

𝜕𝑡
+

𝜕𝑢𝐶𝑂2

𝜕𝑥
= 𝐷𝑂2

𝜕2𝐶𝑂2

𝜕𝑥2
+

𝑗𝑐
𝑛𝐹

 (2.4) 

Considering that the reaction is in steady state and the convectional mass flow is negligible, the 1-

D transport equation can be reduced to a simpler form as derived below: 

 𝐷𝑂2

𝑑2𝐶𝑂2

𝑑𝑥2
= −

𝑗𝑐
𝑛𝐹

 (2.5) 

The discharge reaction rate can be approximated expressed by the Tafel equation: 

 𝑗𝑐 = −𝑎𝑖𝑐 = −𝑎𝑖0,𝑐
𝑟𝑒𝑓

𝐶𝑂2

1−𝛽
𝐶𝑒

1−𝛽
𝑒𝑥𝑝 (−

1 − 𝛽

𝑅𝑇
𝐹𝜂) (2.6) 

where a represents the surface-to-volume ratio, determined by the electrode roughness. The 

surface overpotential η is determined by the local phase potentials and equilibrium potential U0:  

 𝜂 = 𝛷(𝑠) − 𝛷(𝑒) − 𝑈𝑜 (2.7) 
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The above considers no precipitates deposited at the reaction surface. For a sufficiently small Da, 

the spatial variations of temperature, phase potentials, oxygen concentration, and Ce are negligibly 

small; thus, the transfer current density jc can be treated uniform across the entire thickness of the 

air cathode. The equation (2.5) can be converted to: 

 𝐷𝑂2

𝑑2𝐶𝑂2

𝑑𝑥2
= 𝑘𝐶𝑂2

1−𝛽   where  𝑘 =
𝑎𝑖0,𝑐

𝑟𝑒𝑓
𝐶𝑒

1−𝛽

𝑛𝐹
exp (−

1 − 𝛽

𝑅𝑇
𝐹𝜂) (2.8) 

In order to solve the equation (2.8), a schematic diagram and boundary conditions drawn 

in Figure 2.2 are used. Since the concentration of dissolved O2 can be considered a constant value 

and O2 cannot permeate into the separator at the separator-cathode interface, the boundary 

conditions are determined as below: 

 
𝑑𝐶𝑂2(0)

𝑑𝑥
= 0   and   𝐶𝑂2(𝛿) = 𝐶𝛿 (2.9) 

 

Figure 2.2 Schematic diagram and boundary conditions of single-layer cathode. 
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To simplify the diffusion equation, let the nondimensionalized concentration and distance set as 

the following: 

 𝐶𝑂2 =
𝐶𝑂2

𝐶𝛿
   and   𝑥 =

𝑥

𝛿
 (2.10) 

The equation (2.8) can be converted to a nondimensionalized form as: 

 
𝑑2𝐶𝑂2

̅̅ ̅̅̅

𝑑𝑥̅2
= 2𝐷𝑎 ∙ 𝐶𝑂2

̅̅ ̅̅̅1−𝛽
     (2.11) 

Da is the Damköhler number, the ratio of reaction rate and mass transport rate, defined as: 

 𝐷𝑎 =
𝑘𝛿2

2𝐷𝑂2𝐶𝛿
𝛽

=
 Reaction rate

Mass transport rate
 (2.12) 

Similarly, the boundary conditions in the equation (2.9) can also be converted to: 

 
𝑑𝐶𝑂̅2(0)

𝑑𝑥̅
= 0   and   𝐶̄𝑂2(1) = 1 (2.13) 

For β = 0, a direct solution can be obtained: 

 𝐶𝑂2
̅̅ ̅̅ ̅ =

cosh(√2𝐷𝑎𝑥̅)

cosh( √2𝐷𝑎)
 (2.14) 

For β = 0.5, the problem becomes nonlinear, and can be solved by regular perturbation methods 

for a small Da: 

 𝐶𝑂2
̅̅ ̅̅ ̅ = 1 − 𝐷𝑎(1 − 𝑥̄2) + O(𝐷𝑎2) (2.15) 

Combining with the equation (2.6), the equations (2.14) and (2.15) will yield the local reaction 

rate as: 
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 𝑗𝑐 = −𝑎𝑖0,𝑐
𝑟𝑒𝑓

𝐶𝛿𝐶𝑒 exp (−
1

𝑅𝑇
𝐹𝜂)

cosh(√2𝐷𝑎𝑥)

cosh(√2𝐷𝑎)
   for  𝛽 = 0  (2.16) 

 𝑗𝑐 = −𝑎𝑖0,𝑐
𝑟𝑒𝑓

√𝐶𝛿√𝐶𝑒 exp (−
0.5

𝑅𝑇
𝐹𝜂) [1 −

1

2
(1 − 𝑥̄2)𝐷𝑎]    for  𝛽 = 0.5 (2.17) 

For β = 0.5, Taylor series expansion is applied for approximate expression with accuracy O(
2Da

). Then, one will obtain the average current density, I, is obtained by integrating jc from 0 to δ: 

I = ∫ 𝑗𝑐𝑑𝑥
𝛿

0

= δ∫ 𝑗𝑐𝑑𝑥
1

0

= −𝑎𝑖0,𝑐
𝑟𝑒𝑓

𝐶𝛿𝐶𝑒 exp (−
1

𝑅𝑇
𝐹𝜂)

𝛿sinh(√2𝐷𝑎)

√2𝐷𝑎cosh(√2𝐷𝑎)
   for  𝛽 = 0 (2.18) 

I = −𝑎𝑖0,𝑐
𝑟𝑒𝑓

√𝐶𝛿√𝐶𝑒 exp (−
0.5

𝑅𝑇
𝐹𝜂) [1 −

1

3
𝐷𝑎] 𝛿   for  𝛽 = 0.5 (2.19) 

A dimensionless reaction rate can be further defined as below: 

 
𝛿𝑗𝑐
I

=
√2𝐷𝑎cosh(√2𝐷𝑎𝑥)

sinh(√2𝐷𝑎)
   for  𝛽 = 0 (2.20) 

 
𝛿𝑗𝑐
I

=
1 −

1
2𝐷𝑎(1 − 𝑥̄2)

1 −
1
3𝐷𝑎

   for  𝛽 = 0.5 (2.21) 

2.2.2 Spatial Variation of Multi-layer Cathode Reaction Rates 

The single-layer cathode of Li-air battery studied above has several limitations for improving its 

performance, such as uneven decrease in O2 concentration followed by uneven Li oxide 

precipitation in the cathode reaction sites. Therefore, in this section, spatial variation of double-

layer cathode reaction rates is studied. Figure 2.3 shows a simple schematic diagram of double-

layer cathode and its corresponding boundary conditions. Each cathode layer has different 
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diffusion coefficients (D1 and D2) and reaction rate constants (k1 and k2) as well as different 1-D 

axis (x1 and x2). For simplification, it is assumed that the two cathodes have the same thickness 

(δ). Considering the steady-state reaction and mass transfer as well as negligible convectional mass 

flow just like in the single-layer cathode case, 1-D transport equations for the two layers can be 

derived as: 

 𝐷1

𝑑2𝐶1

𝑑𝑥1
2 = 𝑘1𝐶1

1−𝛽
   where  0 ≤ 𝑥1 ≤ 𝛿 (2.22a) 

 𝐷2

𝑑2𝐶2

𝑑𝑥2
2 = 𝑘2𝐶2

1−𝛽
   where  0 ≤ 𝑥2 ≤ 𝛿 (2.22b) 

The boundary conditions are below, 

 
𝑑𝐶1(0)

𝑑𝑥1
= 0,   𝐶1(𝛿) = 𝐶2(0),   𝐷1

𝑑𝐶1(𝛿)

𝑑𝑥1
= 𝐷2

𝑑𝐶2(0)

𝑑𝑥
,   𝐶2(𝛿) = 𝐶𝛿 (2.23) 

 

 

Figure 2.3 Schematic diagram of double-layer cathode and the corresponding boundary conditions. 
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Similar to the nondimensionalization for single-layer cathode, the equation (2.22a) and (2.22b) are 

converted to nondimensionalized forms as: 

 
𝑑2𝐶1

̅̅ ̅

𝑑𝑥1̅̅̅2 = 𝐷𝑎1𝐶1
̅̅ ̅1−𝛽

   where  𝐷𝑎1 =
𝑘1𝛿

2

𝐷1𝐶𝛿
𝛽

 (2.24a) 

 
𝑑2𝐶2

̅̅ ̅

𝑑𝑥2̅̅ ̅2 = 𝐷𝑎2𝐶2
̅̅ ̅1−𝛽

   where  𝐷𝑎2 =
𝑘2𝛿

2

𝐷2𝐶𝛿
𝛽

 (2.24b) 

For β = 1, the normalized O2 concentrations are solved as: 

 𝐶1
̅̅ ̅ =

1

2
𝐷𝑎1𝑥1̅̅̅2 − (

𝐷1

𝐷2
+

1

2
)𝐷𝑎1 −

1

2
𝐷𝑎2 + 1 (2.25a) 

 𝐶2
̅̅ ̅ =

1

2
𝐷𝑎2𝑥2̅̅ ̅2 +

𝐷1

𝐷2
𝐷𝑎1𝑥2̅̅ ̅ −

𝐷1

𝐷2
𝐷𝑎1 −

1

2
𝐷𝑎2 + 1 (2.25b) 

For β = 0, the solutions are below, 

𝐶1
̅̅ ̅ =

𝐷2√𝐷𝑎2cosh (√𝐷𝑎1𝑥1̅̅̅)

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) sinh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) cosh(√𝐷𝑎2)
 (2.26a) 

𝐶2
̅̅ ̅ =

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) sinh(√𝐷𝑎2𝑥2̅̅ ̅) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) cosh (√𝐷𝑎2𝑥2̅̅ ̅)

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) sinh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) cosh(√𝐷𝑎2)
 (2.26b) 

To obtain the transfer current density, jc, let us recall the Tafel equation (2.6). The Tafel equation 

is mainly varied by reaction rate constant, k, as: 

 𝑗𝑐 = 𝑛𝐹𝑘𝐶𝑂2
1−𝛽

= 𝑛𝐹𝑘𝐶𝛿
1−𝛽𝐶𝑂2

̅̅ ̅̅̅1−𝛽
 (2.27) 

where n is the stoichiometric ratio of electron to oxygen, which is assumed to be 2 based on the 

one-step reaction equation (2.3). The transfer current densities are described as, 
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 𝑗𝑐 = 𝑛𝐹𝑘𝑖   for  𝛽 = 1 (2.28) 

 𝑗𝑐 = 𝑛𝐹𝑘𝑖𝐶𝛿𝐶𝑖̅   for  𝛽 = 0 (2.29) 

where i represents the layer number. The average current density can be calculated by integrating 

transfer current densities from 0 to δ.  

 I = ∫ 𝑗𝑐𝑑𝑥
𝛿

0

= ∫𝑛𝐹𝐷
𝑑2𝐶𝑂2

𝑑𝑥2
𝑑𝑥 = 𝑛𝐹𝐷

𝑑𝐶𝑂2

𝑑𝑥
=

𝑛𝐹𝐶∞

𝛿
𝐷

𝑑𝐶̅

𝑑𝑥̅
 (2.30) 

Therefore, the average current density for β = 1 can be expressed as: 

 I1 =
𝑛𝐹𝐶𝛿

𝛿
𝐷1𝐷𝑎1𝑥1̅̅̅ (2.31a) 

 I2 =
𝑛𝐹𝐶𝛿

𝛿
[𝐷2𝐷𝑎2𝑥2̅̅ ̅ + 𝐷1𝐷𝑎1] (2.31b) 

For β = 0, the average current density is expressed as: 

I1 =
𝑛𝐹𝐶𝛿

𝛿
[

𝐷1𝐷2√𝐷𝑎1𝐷𝑎2sinh (√𝐷𝑎1𝑥1̅̅̅)

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) sinh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) cosh(√𝐷𝑎2)
] (2.32a) 

I2 =
𝑛𝐹𝐶𝛿𝐷2√𝐷𝑎2

𝛿
[
𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) cosh(√𝐷𝑎2𝑥2̅̅ ̅) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) sinh (√𝐷𝑎2𝑥2̅̅ ̅)

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) sinh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) cosh(√𝐷𝑎2)
] (2.32b) 

Current density ratio is also crucial in analyzing the Li-air battery performance with the 

double/multi-layer cathode, which is defined as, 

 
I1(𝑥1̅̅̅ = 1)

I2(𝑥2̅̅ ̅ = 1)
 (2.33) 

For β = 1, the current density ratio can be expressed as: 
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I1
I2

=
(𝐷1/𝐷2)𝐷𝑎1

𝐷𝑎2 + (𝐷1/𝐷2)𝐷𝑎1
 (2.34) 

For β = 0, the current density ratio is derived as: 

I1
I2

=
(𝐷1/𝐷2)√𝐷𝑎1sinh (√𝐷𝑎1)

(𝐷1/𝐷2)√𝐷𝑎1 sinh(√𝐷𝑎1) cosh(√𝐷𝑎2) + √𝐷𝑎2 cosh(√𝐷𝑎1) sinh(√𝐷𝑎2)
 (2.35) 

Dimensionless reaction rate for β = 1 is solved as, 

𝛿𝑗𝑐,1
I2(𝑥2̅̅ ̅ = 1)

=
𝛿2𝑘1

𝐶𝛿
[

1

𝐷1𝐷𝑎1 + 𝐷2𝐷𝑎2
] (2.36a) 

𝛿𝑗𝑐,2
I2

=
𝛿2𝑘2

𝐶𝛿
[

1

𝐷1𝐷𝑎1 + 𝐷2𝐷𝑎2
] (2.36b) 

For β = 0, the dimensionless reaction rate is derived below, 

𝛿𝑗𝑐,1
I2

=
𝛿2𝑘1cosh (√𝐷𝑎1𝑥1̅̅̅)

𝐷1√𝐷𝑎1 sinh(√𝐷𝑎1) cosh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2 cosh(√𝐷𝑎1) sinh (√𝐷𝑎2)
 (2.37a) 

𝛿𝑗𝑐,2
I2

=
𝛿2𝑘2

𝐷2√𝐷𝑎2

[
𝐷1√𝐷𝑎1 tanh(√𝐷𝑎1) sinh(√𝐷𝑎2𝑥2̅̅ ̅) + 𝐷2√𝐷𝑎2cosh (√𝐷𝑎2𝑥2̅̅ ̅)

𝐷1√𝐷𝑎1 tanh(√𝐷𝑎1) cosh(√𝐷𝑎2) + 𝐷2√𝐷𝑎2sinh (√𝐷𝑎2)
] (2.37b) 

A case study was conducted with different diffusion coefficients and reaction rate 

constants. Then, an analysis on current density ratio with respect to the Da numbers and ratio of 

diffusion coefficients was also conducted. Table 2.1 summarizes the oxygen diffusivity in a few 

electrolytes. Based on the range of diffusivity in Table 2.1, the conditions for the case study were 

determined. Reaction constants were set to make Da numbers around 1. Table 2.2 shows the 

conditions for the case study. Case (1) was set as the base and each case has one different value of 

diffusion coefficient or reaction rate constant. Cases of (2) and (3) have different diffusion 
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coefficients, and cases of (4) and (5) have different reaction constants. Moreover, each case has 

two β values (0 and 1), thus, the total number of cases is 10. The Da numbers were intentionally 

adjusted around 0.2~5 for comparisons. 

Table 2.1 Oxygen diffusivity in nonaqueous electrolytes [12].  

Oxygen diffusivity Electrolyte Reference 

7.0×10-6 cm2/s 1M LiPF6 in PC:DME (1:1) [35] 

4.0 – 4.5×10-5 cm2/s CCl4 [36] 

5.1 – 5.5×10-5 cm2/s CS2 [36] 

2.9 – 3.4×10-5 cm2/s C2H4CL2 [36] 

1.3 – 1.7×10-5 cm2/s CH2CL2 [36] 

9.75×10-6 cm2/s 0.1M TBAPF6 in DMSO [37] 

2.45×10-5 cm2/s 0.1M TBAPF6 in MeCN [37] 

1.67×10-5 cm2/s 0.1M LiPF6 in DMSO [37] 

4.64×10-6 cm2/s 0.1 M LiPF6 in MeCN [37] 

1.22×10-5 cm2/s 0.1M LiPF6 in DME [37] 

3.88×10-6 cm2/s 0.1M TBAPF6 in DME [37] 

2.17×10-6 cm2/s 0.1M LiPF6 in TEGDME [37] 

4×10-5 cm2/s 1M Li+ in DME [38] 

9×10-6 cm2/s 1M Li+ in PC:DME(1:2) [38] 

2.2×10-6 cm2/s 1M L:i+ in PC [38] 

2.2×10-5 cm2/s 0.1M TBAClO4 [6] 

2.1×10-5 cm2/s 0.1M TBAPF6 [6] 
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Table 2.2 List of reaction constants, diffusion coefficients, and corresponding Da numbers for the 

case study. 

 

 

 

2.3 Results and Discussion 

2.3.1 Spatial Variation of Single-layer Cathode Reaction Rates 

Figure 2.4. shows spatial variation of nondimensionalized O2 concentration for (a) β = 0 and (b) β 

= 0.5, respectively. In Figure 2.4(a), for the case of β = 0, Small Da means that the reaction rate is 

relatively small comparing to its mass transfer rate, thus, less O2 consumption would occur inside 

the cathode. As the Da increases, the larger the reaction constant is the more O2 is consumed; 

therefore, normalized O2 concentration has more spatial variation. For the case of B=0.5, Figure 

2.4(b) has the same overall trend as in Figure 2.4(a); the larger Da causes larger spatial variation 

of O2 concentration. However, in the case of the same Da, while the decreased O2 concentration 

for β = 0.5 is almost similar with that for β = 0 when Da = 0.1 and 0.2, the O2 concentration0 for 

β = 0.5 decreases more than that for β = 0 when Da = 0.5. Moreover, when the exact solution is 

compared to the approximate solution by the regular perturbation method, the normalized O2 
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concentration is the most similar when Da = 0.1, and most different when Da = 0.5. Such 

difference can be explained by that the perturbation method assumes a very small Da. Da = 0.1 or 

0.2 can be considered small enough, but Da = 0.5 is not small enough to be considered close to 0. 

This would yield the difference between the approximate and exact solutions. Therefore, the 

perturbation method is only valid when Da number is small enough (e.g. Da ~ 0.1).  

Figure 2.5 shows spatial variation of dimensionless reaction rate (or dimensionless reaction 

current) for (a) β = 0 and for (b) β = 0.5.The dimensionless reaction rate is a good parameter to 

understand electric current production in consideration of the cathode thickness.  

 

 

Figure 2.4 Spatial variation of the oxygen content predicted by (a) equation (2.14) for β = 0 and 

(b) equation (2.15) and exact solution for β = 0.5. 

 

In Figure 2.5(a), the dimensionless reaction rate has a larger value when Da is larger. Since 

the cathode thickness is fixed (400 μm in this study), a larger dimensionless reaction rate results 

from the increase in transfer current density comparted to the increase in electric current density. 
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This trend is opposite to the trend shown in the normalized O2 concentration. In Figure 2.5(b), the 

increasing trend in the dimensionless reaction rate with respect to the large Da numbers is the same 

as for β = 0. The comparison between exact solution and the approximate solution by perturbation 

methods and Taylor series expansion show only small difference except for Da = 0.5 case. 

 

 

Figure 2.5 Spatial variation of dimensionless reaction rate by (a) equation (2.20) for β = 0 and (b) 

equation (2.21) and exact solution for β = 0.5. 

 

2.3.2 Spatial Variation of Multi-layer Cathode Reaction Rates 

Figure 2.6 shows the spatial variation of dimensionless O2 concentrations with respect to the 

dimensionless thickness of the double-layer cathode for β = 0. Considering the case (1) as the 

baseline, the case (2) that has 5 times larger D1 than that for the case (1) has a flatter O2 

concentration variation in the first layer and the same O2 concentration in the second layer. 

Therefore, only 7.5% of O2 concentration is consumed, which is smaller than that for case (1) 

(~9%). For the case (3) which has 5-time larger D2, the O2 consumption is only 4%. Even though 
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large diffusion coefficients facilitate transport of the dissolved O2 inside the cathode, fast transport 

prevents from O2 consumption for electricity production. When considering changes in reaction 

constants as shown in Figure 2.6b, the case (4) that has 5 times larger k1 than that of case (1) shows 

the most amount of O2 consumption comparing to the cases of (1) and (5). It should be noted that 

k1 is the more dominant factor in O2 consumption than k2 when comparing the case (4) and (5). 

For β = 1 as shown in Figure 2.7, the overall trend is same as that for β = 0, but the O2 concentration 

changes more radically. Specially, case (4) shows all the dissolved O2 is consumed in the second 

layer. This is because the ORR is independent from the O2 concentration for β = 1.  

 

 

Figure 2.6 Spatial variation of dimensionless O2 concentration with respect to the dimensionless 

distance in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), 

and (3) cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 0. 
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Figure 2.7 Spatial variation of dimensionless O2 concentration with respect to the dimensionless 

distance in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), 

and (3) cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 1. 

 

Figure 2.8 shows the spatial variation of the transfer current density with respect to the 

dimensionless thickness of the double-layer cathode for β = 0. Recalling the equation (2.29), the 

transfer current density depends on the O2 concentrations and reaction rate constants. Since the 

changes of O2 concentration is much smaller than those in the reaction rate constants, the transfer 

current density mainly varies with the reaction rate constants. Especially, for β = 1, the transfer 

current density is a function of reaction rate constants only, which makes the plots in the Figure 

2.9 constants.  
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Figure 2.8 Spatial variation of transfer current density with respect to the dimensionless distance 

in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), and (3) 

cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 0. 

 

Similarly, the dimensionless reaction rate mainly depends on the transfer current density 

because the cathode thickness and the electric current density are constant for all the cases. Even 

though the different electric current density values change the magnitude of dimensionless reaction 

rate, the overall trend in plots as shown in Figure 2.10 and Figure 2.11 is close to the trend in the 

transfer current density as seen in the Figure 2.8 and Figure 2.9: The reaction rate constants are 

the dominant factors for dimensionless reaction rate. 
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Figure 2.9 Spatial variation of transfer current density with respect to the dimensionless distance 

in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), and (3) 

cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 1. 

 

 

Figure 2.10 Spatial variation of dimensionless reaction rate with respect to the dimensionless 

distance in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), 

and (3) cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 0. 
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Figure 2.11 Spatial variation of dimensionless reaction rate with respect to the dimensionless 

distance in the double-layer cathode electrode when (a) change in diffusion coefficients ((1), (2), 

and (3) cases) and (b) change in reaction constants ((1), (4), and (5) cases) for β = 1. 

 

Table 2.3 lists the summary of dimensionless O2 concentration, electric current densities, 

and current density ratios. It should be noted that the case (4) for β = 1 has the fastest O2 

consumption, and therefore has the largest electric current density. Moreover, the cases (1)-(3) 

have similar current density ratios, meaning that reaction rate constant is significant in determining 

the electric current density. 
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Table 2.3 Summary of normalized O2 concentration, electric current densities, and current density 

ratios. 

 

 

 

Figure 2.12 shows a 3-D plot of the electric current density ratios according to Da1, Da2 

and D1/D2. Since there are three independent variables for determining the current density ratio, 

Da2 is set up as the x-axis and 4 plots with different Da1 are drawn in the figure.  
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Figure 2.12 Spatial variation of current density ratio with respect to the Da1 and Da2 of the double-

layer cathode for the case of D1/D2 = 5.0 for β = 0 as an example of 3-D plot. 

 

Ideally, the case with electric current density ratio of 0.5 is the best among cases with the 

same porosity and tortuosity in both layers because the electric current can be evenly produced 

along with the cathode thickness. Based on the plots in Figure 2.13 and Figure 2.14, various 

conditions satisfying the electric current density ratio of 0.5 can be found. Furthermore, using the 

two figures, the battery performance can be adjusted for the desired specification.  
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Figure 2.13 Spatial variations of current density ratio with respect to the Da1 and Da2 of the 

double-layer cathode electrode for the cases of D1/D2 = (a) 0.2, (b) 1.0, and (c) 5.0 for β = 0. 



 

33 
 

 

Figure 2.14 Spatial variations of current density ratio with respect to the Da1 and Da2 of the 

double-layer cathode electrode for the cases of D1/D2 = (a) 0.2, (b) 1.0, and (c) 5.0 for β = 1. 
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It should be further studied when the number of layers in a cathode electrode is larger than 

three, each layer with different thickness. In such cases, finding the oxygen concentration profile 

would be much more complicated than finding it in the single- or double-layer cases. Modeling 

multi-layer cathode can start from making a matrix for the double-layer cathode and the matrix 

can be expanded to the cathodes with multiple layers. 

Recalling the equation (2.22a) and (2.22b) and for the case of β = 0, O2 concentrations 

should have forms below, 

 𝐶1(𝑥) = 𝐴1,1 sinh(√
𝑘1

𝐷1
𝑥) + 𝐴1,2cosh (√

𝑘1

𝐷1
𝑥) (2.38) 

 𝐶2(𝑥) = 𝐴2,1 sinh(√
𝑘2

𝐷2
𝑥) + 𝐴2,2cosh (√

𝑘2

𝐷2
𝑥) (2.39) 

denoting that x is the only 1-D axis starting from 0 to total thickness (d2) through thickness of the 

first layer (d1). A matrix for calculation of O2 concentration can be derived as below, 

[
 
 
 
 
 
 cosh (√𝑘1

𝐷1
⁄ 𝑑1) − sinh (√𝑘2

𝐷2
⁄ 𝑑1) −cosh (√𝑘2

𝐷2
⁄ 𝑑1)

√𝐷1𝑘1sinh (√
𝑘1

𝐷1
⁄ 𝑑1) −√𝐷2𝑘2 cosh (√𝑘2

𝐷2
⁄ 𝑑1) −√𝐷2𝑘2 sinh (√𝑘2

𝐷2
⁄ 𝑑1)

0 sinh (√𝑘2
𝐷2

⁄ 𝑑2) cosh (√𝑘2
𝐷2

⁄ 𝑑2)
]
 
 
 
 
 
 

[

𝐴1,2

𝐴2,1

𝐴2,2

] = [
0
0
𝐶∞

] (2.40) 

Similarly, a 2n-1 by 2n-1 matrix can be derived for n-layers cathode. However, as seen in 

Figure 2.12, the double-layer cathode has three independent dimensionless variables for electric 

current density ratio. This means that when one layer is added, more dimensionless parameters 
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need to be considered, making which will make the analysis and optimization of the multi-layer 

cathode much complicated.  

2.4 Summary 

In this chapter, spatial variation of single- and multi-layer cathode reaction rates were investigated. 

The ORR in air cathode and the major product, Li oxide, were introduced to inform the importance 

of oxygen distribution in the cathode. Then, a model was derived, starting from 1-D transport 

equation incorporating diffusion and reaction rates. Tafel equation, an approximation form of 

Butler-Volmer equation, was chosen to approximately express the reaction. The reaction order was 

adjusted by using different 𝛽 values while the transport equation was non-dimensionalized with 

Da not only to simplify but to characterize the diffusion-reaction behavior. After deriving the 

model for a single layer cathode, a model for multi-layer cathode was further developed to design 

an optimized combination of the cathode layer with the minimal spatial variation of the reaction 

rates.  

In addition to development of the models, a set of case studies was conducted with different 

diffusion coefficients and reaction rate constants. In the single-layer cathode study, the results 

showed that smaller Da case results in less consumption of O2, so that the O2 concentration at the 

membrane surface will be larger for any 𝛽 values. On the other hand, dimensionless reaction 

current varied with different 𝛽  values. For 𝛽 = 0  case, the dimensionless reaction current is 

smaller when Da was smaller while for 𝛽 = 0.5  case, there was a cross-point that the 

dimensionless reaction current of smaller Da case becomes larger which is around 0.6 of 

dimensionless distance. However, under a certain distance, the current value of the smaller Da is 

larger. In the multi-layer cases studies, it was possible to avoid rapid change in O2 concentration 

reduction by manipulating ratios of diffusivity and reactivity. Even though a rapid reduction of O2 
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concentration due to a large reaction constant enabled large power generation, it may result in 

voltage loss by product precipitation in the cathode electrode and consequential oxygen transport 

blockage. Accordingly, selecting the right electrolyte and cathode structure to evenly reduce the 

reactant concentration was a key point in multi-layer design. Spatial variation of current density 

regarding both D1 and D2 were determined in 3-D plots which would be helpful in designing 

double-layer cathode for Li-air battery. Lastly, a general matrix form solution for multi-layer 

cathode case was introduced. 
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CHAPTER 3: Molecular Diffusion and Evaporation Rate of 

Battery Organic Electrolytes in Ambient Air 

The contents in this chapter have been published to Journal of Electrochemical Society (Title: 

Experimental Measurement of Molecular Diffusion and Evaporation Rate of Battery Organic 

Electrolytes in Ambient Air) in 2021. 

Abstract 

In this Chapter, I measured the molecular diffusivity and evaporation rate of organic solvents - 

1,2-dimethoxyethane (DME), dimethyl carbonate (DMC), diethyl carbonate (DEC), and propylene 

carbonate (PC) - in ambient air, which are commonly used in light metal batteries, such as Li-ion, 

Li-air, and Na-O2 batteries. The measurement was conducted through evolution of the evaporation 

rate of a liquid solvent in a glass tube, which was designed based on a one-dimensional (1-D) mass 

transfer model. The experiment successfully measured the diffusion coefficients of DME (0.0925 

cm2/s), DMC (0.2116 cm2/s), and DEC (0.0569 cm2/s) in dry air, but failed for that of PC. The PC 

testing showed a liquid loss smaller than the measurement uncertainty due to its slow evaporation 

rate under the experimental condition. In the ambient air with the relative humidity (RH) of 

50±5%, higher water-soluble solvents showed more reduction in diffusivity calculation compared 

to that under the dry condition, which is likely due to uncertainty arising from water dissolving to 

the testing liquid. In addition, I also investigated the time constant for experimental measurement. 

For the organic liquids, the effective running time can be up to 10 days at room temperature.  
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3.1 Introduction 

Battery technology has been considered as a major energy storage method for renewable energy 

due to its high energy efficiency, modularity, and pollution-free operation [39]. Lithium-ion (Li-

ion) battery is widely used because of its light weight, fast chargeability, excellent durability, and 

high energy density that mainly ranges 120-300 Wh/kg [40, 41]. In addition, new types of batteries, 

such as lithium-sulfur (Li-S), lithium-oxygen (Li-O2) [42], and zinc-oxygen (Zn-O2), have been 

recently developed and investigated [3, 43]. The structure of a typical battery is depicted in Figure 

3.1. As seen in the figure, an electrolyte is placed between the anode and cathode electrodes and 

acts as a medium to transport ions between the two electrodes. The type of electrolyte material 

impacts ion transport, electrochemical reactions (e.g., parasitic reactions), and spatial variations of 

electric potentials [15, 16]. Therefore, electrolyte selection is one of the main subjects in battery 

development. 

 

Figure 3.1 Typical battery structure. 
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One main type of battery electrolytes is aqueous electrolytes, which are extensively used 

in many conventional batteries, such as alkaline battery, lead-acid battery, and nickel-metal 

hydride battery [44-47]. Due to substantially negative couple voltage of light metal (Li/Li+), light-

metal/air batteries have intense reactions with water, resulting in safety issues with using aqueous 

electrolytes in such types of batteries [43]. Nonaqueous electrolytes are another main type of 

electrolyte for batteries, such as 1,2-dimethoxyethane (DME) [16-18], dimethyl carbonate (DMC) 

[17-19, 48], diethyl carbonate (DEC) [18-20, 48], and propylene carbonate (PC) [18, 19, 49], 

which can effectively resolve this issue. In most cases, their mixtures of various composition ratios 

are employed to enhance the performance of electrolytes [17-21]. Even though intense reactions 

between Li and water can be prevented by using nonaqueous electrolytes, light-metal-based 

batteries may be damaged, burned, or exploded [17, 18], e.g. electric vehicles catching fires when 

the lithium-ion battery is damaged from car accidents. Figure 3.2 demonstrates a conceptual 

schematic diagram of evaporation and diffusion of the organic electroyte. As seen on the right side 

of the figure, when electrolyte leakage occurs from various damages, the liquid electrolytes are 

directly exposed or vaporized into the air, which raises health issues [22-24]. In addition, in metal-

air batteries, as shown on the left side of Figure 3.2, a redox reaction occurs between the active 

metal material in the anode electrode and the oxygen in the cathode. The latter is supplied to the 

cathode structure through ambient air circulation or direct diffusion, thus electrolyte loss may 

occur due to evaporation to ambient air and spread by diffusion, which also raises adverse health 

health effects. Diffusion is a type of mass transfer, where molecules from an area of higher 

concentration move to an area of lower concentration. It should be noted that the movement of 

each molecule is randomized, however, the direction of movement statistically follows the 

concentaration gradient. Organic solvents have been reported to have harmful effects on the human 
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body. For instance, DME has reproductive toxicity, DEC and DMC cause eye and respiratory 

irritation, and PC can also cause eye irritation [50-53]. It was also reported that exposure to 

industrial solvents, usually hydrocarbon compounds, may induce vertigo and nausea [54]. Organic 

solvents have also been reported to adversely affect human health, such as hearing health, by 

inpacting the central auditory pathways [55-57]. Thus, it is important to evaluate the evaporation 

rate of organic solvents in ambient air. In indoor environments (e.g. airplanes, cars, and offices), 

such leakage or evaporation of organic electrolytes into surrounding air will cause more severe 

health effects. In addition to evaporation, molecular diffusion also plays an important role in 

electrolyte vapor transport in ambient air. In this study, the diffusion and evaporation rates of 

battery organic solvents in ambient air are experimentally investigated. 

 

 

Figure 3.2 A conceptual schematic diagram of evaporation and diffusion of battery organic 

electrolyte. 
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To date, several measurement methods have been proposed to experimentally determine 

gaseous diffusion coefficients. Cowie and Watts [58] used infrared (IR) spectrophotometry to 

determine the gas concentrations in a diffusion cell by scanning its absorption band. Pommersheim 

and Ranck [59] used the Stefan cell to measure the interface depth with the corresponding time. 

Then, a solution using a quasi-steady-state analysis was derived to find the gas diffusion 

coefficients. Guo et al. [60] used a holographic interferometric system that permits to observe 

interference fringe by the concentration changes of DMC in heptane and in the air at 5-65 °C. They 

also derived an equation based on Fick’s law of 1-D diffusion to calculate diffusion coefficients 

using their experimental data. Funazukuri et al. [61] used the Taylor dispersion measurement, 

which employs photo spectroscopy to measure the concentration profile of a gas species along a 

pipe flow to determine binary diffusion coefficients of acetone in carbon dioxide. They derived an 

equation to determine the concentrations at the pipe exit from a convection-diffusion model. Sun 

et al. [62] developed a new method to measure liquid diffusivity by using changes in the refractive 

index, which takes a much shorter time than traditional methods. They made asymmetric liquid-

core cylindrical lens (ALCL) for 1-D flow and imaging process.  

Although attempts have been made to measure the diffusivity of gas species, only a few 

studies have been proposed to experimentally measure the diffusivities of DME, DMC, DEC, and 

PC in ambient air. Providing that batteries are now playing an important role in electric vehicles, 

cell phones, and laptops, it is important to assess their transport and evaporation behaviors in the 

ambient and evaluate the impacts on human health upon leakage. In this work, the diffusivity and 

evaporation rates of major organic solvents in ambient air for Li-ion and metal-air batteries were 

experimentally investigated. In order to determine the diffusivity, we derived a formula based on 

the Stefan’s evaporation-transport (diffusion) model. The model was also validated by comparing 
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our experimental data of water and ethanol with those from the literature. The impact of RH in the 

ambient was investigated, and the time constant was analyzed. 

3.2 Theory and Experiment 

3.2.1 Theory 

In the experiment, the evaporation-driven convection-diffusion model [63] is used to calculate 

diffusion coefficients. Evaporation of liquid electrolyte in a vertical glass tube exposed to ambient 

air is assumed as a 1-D transport problem, as shown in Figure 3.3. The vertical glass tube, with a 

specific radius (R) and height (H), is open to the air and is initially filled with an electrolyte. 

Assuming air is a type of pure gas, air and electrolyte vapor can be treated as a binary gas mixture. 

If the pseudo-steady analysis is valid, the mass balance equation can be developed using Fick’s 

law as: 

 𝑁𝐵𝑍 = 𝑥𝐵(𝑁𝐴𝑍 + 𝑁𝐵𝑍) − 𝐶𝑔𝐷𝐴𝐵

𝑑𝑥𝐵

𝑑𝑧
, (3.1) 

where A and B represent air and electrolyte, respectively, and N, Cg, D, x, z are denoted as the 

molar flux of species, molar concentration of gaseous species, diffusion coefficient, molar fraction, 

and the axial direction, respectively. For slow evaporation, the liquid-gas interface can be assumed 

to be stationary, which simplifies equation (3.1) as, 

 𝑁𝐵𝑍(𝑥𝐵 − 1) = 𝐶𝑔𝐷𝐴𝐵

𝑑𝑥𝐵

𝑑𝑧
. (3.2) 

By integrating both sides, the molar flux of B according to time (t) is obtained as, 
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 𝑁𝐵𝑍(𝑡) = −
𝐶𝑔𝐷𝐴𝐵

ℎ(𝑡)
𝑙𝑛 (

1 − 𝑥0

1 − 𝑥ℎ
), (3.3) 

where h(t), x0 and xh represent the solvent height with respect to time, the molar fraction of 

vaporized solvent at the liquid-air interface, and the molar fraction of the vaporized solvent at the 

top of the glass tube, respectively. Because of no heterogeneous reaction of B occurring at the 

interface, one will reach: 

 |𝑁𝐵𝑍 − 𝐶𝐵𝑣𝐼𝑍|𝑧=0− = |𝑁𝐵𝑍 − 𝐶𝐵𝑣𝐼𝑍|𝑧=0+    where  𝑣𝑧 = −
𝑑ℎ

𝑑𝑡
. (3.4) 

On the liquid side, the mass balance of liquid electrolyte will yield:  

 𝑁𝐵𝑍(𝑡) = 𝐶𝑙

𝑑ℎ

𝑑𝑡
, (3.5) 

where Cl is the molar concentration of B in liquid. Combining equation (3.5) and equation (3.3), 

one will reach: 

 
𝑑(ℎ2)

𝑑𝑡
=

2𝐶𝑔𝐷𝐴𝐵

𝐶𝑙
𝑙𝑛 (

1 − 𝑥ℎ

1 − 𝑥0
). (3.6) 

By measuring h with time, one will be able to evaluate the binary diffusivity using equation (3.6). 

xh can be assumed to be zero when mass transport outside of the tube is sufficiently fast and the 

outside air has an extremely low content of B. x0 can be calculated using the vapor pressure of the 

solvent liquid. To calculate the diffusion coefficient (DAB), a linear regression between h2 and t is 

used. 

For uncertainty analysis, equation (3.6) is rearranged as below, 
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 𝐷𝐴𝐵 =
𝐶𝑙  

2𝐶𝑔𝑙𝑛 (
1

1 − 𝑥0
)

∆ℎ2

∆𝑡
. (3.7) 

In the above, h and t are directly measured in the experiment. Then, the root mean square (RMS) 

is expressed as, 

 √(𝛿𝐷𝐴𝐵)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =
𝐶𝑙  

2𝐶𝑔𝑙𝑛 (
1

1 − 𝑥0
)

√
4ℎ2

𝑡2
(𝛿ℎ)2̅̅ ̅̅ ̅̅ ̅ +

ℎ4

𝑡4
(𝛿𝑡)2̅̅ ̅̅ ̅̅ ̅ . (3.8) 

The resolutions in the height and running time measurements are 0.5 mm and 2 min, respectively. 

To validate the experimental design, water and ethanol were first employed as the testing 

liquid since their properties are well determined in the literature. In addition, three commonly used 

theoretical and empirical correlations are used for comparison: (1) Fuller, Schettler and Giddings 

(FSG), (2) Chapman and Enskog (CE), and (3) Slattery and Bird (SB). The properties of all the 

liquids and the correlations are summarized in Table 3.1 and Table 3.2, respectively. 
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Figure 3.3 Schematic diagram of evaporation and transport in a vertical glass tube containing 

liquid exposed to ambient air.  



 

46 
 

Table 3.1 Properties of the electrolytes (DME, DMC, DEC, and PC), water, ethanol, and air for 

theoretical estimation of diffusivity. 

 DME DMC DEC PC Water Ethanol Air 

M (g/mol) 90.12 90.08 118.13 102.09 18.02 46.07 28.97 

Cg (mol/m3) 41.3 41.3 41.6 41.6 41.6 41.4  

ρliq (g m/L, 25°C) 0.867 1.069 0.975 1.204 0.997 0.789  

Cl (mol/m3) 9.63×103 1.19×104 8.25×103 1.18×104 5.53×104 1.71×104  

Pvap (mmHg, 20°C) 48 18 10 0.13 17.5 44  

x0 (20°C) 6.32×10-2 2.37×10-2 1.32×10-2 1.71×10-4 2.31×10-2 5.79×10-2  

∑V 96.76 77.82 118.74 94.32 12.70 50.36 20.10 

σ (Å)     2.641 4.530 3.711 

ε/kB(K)     809.1 362.6 78.6 

kBT/ε     1.083 1.617  

Ω     1.388 1.162  

Tc (K)     647.3 516.3 132.4 

Pc (atm)     217.5 63.1 37.0 

References [50, 64] [52, 64] [51, 64] [53, 64] [64] [64] [64] 
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Table 3.2 Theoretical and empirical correlations for diffusion coefficients. 

Model Equation Reference 

Fuller, 

Schettler and 

Giddings 

(FSG) 
𝐷𝐴𝐵 = 10−3

𝑇1.75 (
1

𝑀𝐴
+

1
𝑀𝐵

)
1 2⁄

𝑝[(∑𝑉𝐴)1 3⁄ + (∑𝑉𝐵)1 3⁄ ]2
 

[64] 

Chapman and 

Enskog (CE) 𝐷𝐴𝐵 =
1.86 ∙ 10−3𝑇1.5 (

1
𝑀𝐴

+
1

𝑀𝐵
)
1 2⁄

𝑝Ω𝜎𝐴𝐵
2  

[64] 

Slattery and 

Bird (SB) 
𝐷𝐴𝐵 =

3.64 × 10−4

𝑃
(

𝑇

√𝑇𝑐,𝐴𝑇𝑐,𝐵 
)

2.334

(𝑃𝑐,𝐴𝑃𝑐,𝐵)
1/3

(𝑇𝑐,𝐴𝑇𝑐,𝐵)
5/12 

√
1

𝑀𝐴
+

1

𝑀𝐵
 [65] 

 

3.2.2 Experimental Setup 

Following the theory and analysis, an experiment set for measuring the liquid height in the tube 

was designed with its schematic diagram shown in Figure 3.4. The tube with an inner diameter of 

1 mm and length of 100 mm, filled with one type of liquid electrolyte, is placed in a chamber 

where ambient air under controlled conditions is circulated during the experiment. The liquid 

height is measured using a camera with a light source. In the experiment, all the electrolytes, water, 

and ethanol in each tube in the chamber were simultaneously tested. Relative humidity (RH) 

(nearly 0% and 50±5%) is controlled by dry air supplied to the chamber. The chamber temperature 

and pressure were maintained under 21±1°C and ambient pressure (1 atm). All experiments were 

triplicated to ensure reproductivity.  

The advantage of this measurement is (1) that evaporation and diffusion are measured at 

the same time, (2) that it does not require many parameters unlike other models, (3) it does not 

need any expensive device to set up, but the results are compatible. In addition, unlike other 
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models, that are mostly empirical, the theoretical model is developed from continuum-based 

physics. 

 

 

Figure 3.4 Schematic diagram of the experimental setup. 

 

3.3 Results and Discussion 

In order to measure diffusivity, the measurement of liquid heights of various electrolytes, water, 

and ethanol was taken continuously for 5-50 days depending on their evaporation rates. All the 

liquid samples except PC decreased their heights by evaporation with respect to the running time. 

Figure 3.5a shows the decrease in liquid heights in the tubes after exposure to ambient air. DME 
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has the fastest evaporation rate than the others in that ~4.6 cm of its height shrunk in 10 days. 

DMC and ethanol have comparable evaporation rates with a decrease in the height ~3.6 cm in 10 

days. DEC and water evaporated in a similar trend with ~1.1 cm loss in 10 days. A negligible 

change was observed in the PC liquid height over 10 days, which is due to its extremely low 

evaporation rate. PC has only 0.13 mmHg of vapor pressure, thus it would not provide a 

measurable amount of evaporation during the experiment. Since no detectable height change of 

PC could be measured during the experimental timeframe, the formula cannot be applied directly 

to calculate its diffusivity. However, using the uncertainty in the height measurement (0.5 mm) 

and running time (10 days), we can estimate that the diffusivity of PC is less than 8.0×10-4 cm2/s. 

The estimated diffusivity is much lower than that of 0.0826 cm2/s from the FSG model. Based on 

the large difference between the two models, it may be attributed to the model’s limitation that 

under the experimental conditions that limit evaporation, our model is not able to measure the 

diffusivity and the estimated value would be invalid. To overcome this issue, conducting the 

experiment at higher temperatures where PC evaporates with a measurable amount of volume is 

suggested. As to the impacts of RHs, an insignificant difference was observed between the RH=0% 

and 50% conditions. Figure 3.5b shows the evolutions of h2 for all the cases, which are directly 

used to calculate the diffusion coefficients through linear regression using equation (3.6). The R2 

values for all the plots are larger than 0.998, meaning that the results are consistent without major 

deviations. 
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Figure 3.5 (a) Evaporation rates (b) and h2 vs time plots of water, ethanol, DME, DEC, DMC, and 

PC. 
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The diffusion coefficient can be obtained by any point in the h curve in Figure 3.5. To 

evaluate the timescale for effective measurement using the model, the changes of measured 

diffusivity against the running time are shown in Figure 3.6. The diffusivities of DEC and ethanol 

are almost constant from the beginning to the end. However, those of DMC and water change by 

~3% and ~17%, respectively, in the first 10-16 days. As to DME, the erratic diffusivity measured 

on day 6 is likely an outlier but the rest values are consistent. Based on our measurements, each 

run needs about 2-10 days to obtain a confident diffusion coefficient, depending on the liquid 

material. It should be noted that the effective running time for the measurement mainly depends 

on the measurement precision (uncertainty limitation). For the reliable diffusivity measurement, it 

was necessary to have distinguishable change in the liquid height. The effective running time can 

be significantly reduced with a better sensor that can precisely measure the liquid mass flux. 

Concerning the uncertainty, the calculation results of uncertainty analysis showed that the RMS 

values for all the samples were extremely small with the largest about 1.37×10-4 cm2/s for water 

at RH=0%, only 0.062% deviation. The largest percentage uncertainty is 0.145% for DME at 

RH=50%, which is much smaller than the fluctuation magnitude in the calculated diffusivities 

changing with time. 
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Figure 3.6 Changes of the measured diffusivities against the running time. 

 

In order to validate the model and experimental method, the evaporation rates of water and 

ethanol were measured, and their diffusivity values were calculated using the experimental data. 

Then, they were compared with those calculated by other models (FSG, CE, and SB) in Table 3.2 

and from the literature (Montgomery, Lee and Wilke, Chen and Othmer, and Lugg) [64-69]. Figure 

3.7 shows that the measured diffusion coefficient of water in the present study is consistent with 

those estimated by other models and the references, and the diffusivity of the CE correlation has 

about 18% deviation from our experimental result. This can be explained by the fact that water is 

partially polarized by polar covalent bonding, while the CE model is primarily for non-polar gases. 

The result of ethanol is also consistent with other models and reference values as seen in Figure 

3.7. It should be noted that even though ethanol is a polar molecule, the value estimated by the CE 

equation is close to the experimental result and other data. The largest deviation occurred for the 
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SB equation which predicts a 29% larger value than the experimental measurement. This deviation 

may be caused by the assumption of the SB model that there is an interdiffusion of water and a 

nonpolar gas. Based on the experimental results and theoretical estimations of the two popular 

solvents, the experimental design of the present study was validated. 

 

 

Figure 3.7 Comparison of the theoretical estimations and literature values with the present 

experimental measurement for water and ethanol [66-69]. 

 

Since PC did not show any considerable evaporation over 10 days, it failed to evaluate its 

diffusivity using the experimental design in the testing timeframe. The estimated value based on 

the uncertainty in the height measurement, which is <8.0×10-4 cm2/s, is not listed in the following 

figures. Figure 3.8 compares the experimental results with the estimated diffusivities using the 
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FSG equation. The CE and SB equations were not used due to a lack of values for the model 

parameters. Since there is no tabulated value of the molar volume in the FSG equation for DME, 

DMC, and DEC, their molar volumes were estimated by using each atomic molar volumes (C, H, 

and O have 16.5 cm3/g mol, 1.98 cm3/g mol, and 5.48 cm3/g mol, respectively). It should be noted 

that this estimate is a rough estimate. The diffusivity values of DME for both RH=0% and 

RH=50% cases are closed to the FSG estimation. The DEC values for both cases are slightly lower 

than the FSG estimation. The DMC’s are, however, 113% and 133% larger under RH=50% and 

RH=0%, respectively, than the FSG estimation. This may be attributed to the rough evaluation of 

the molar volume of the organic solvents. The experimental results also show a slight difference 

in the diffusion coefficients between the two RH conditions. The diffusivities of DME, DMC, and 

DEC decrease by 20%, 8.5%, and 1.8%, respectively, when RH changes from 0% to 50%. 

Considering that DME is miscible with water (1000 g/L at 25°C [70]) while DMC is solube in 

water (139 g/L at 25°C [71]) and DEC is insoluble in water [51], it may be concluded that liquid 

with larger water solubility has more substantial decrease in the diffusivity measurement under 

higher RH. This may also be due to the fact that ambient water vapor dissolving in the organic 

solvents reduces the height loss during testing. This is also consistent with the results from Astrath 

et al. [72] that water vapor has a limited impact on changes in diffusivity for insoluble gases. Their 

findings showed only 17% increase in the diffusion coefficient of the ternary (O2-N2-H2O) system 

when RH increased from 0% to 80% at 79 °C. 
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Figure 3.8 Comparisons of the diffusion coefficients measured in the present study with the 

predictions by the FSG model for DME, DMC, and DEC. 

 

Stefan’s solution to the evaporation-transport (diffusion) problem considers both 

evaporation-driven convection and diffusion (C&D) as described in equation (3.1). However, 

when considering diffusive transport only (D-O), the equation can be modified as shown below: 

Correspondingly, the solution of equation (3.9) can be found below: 

 
𝑑(ℎ2)

𝑑𝑡
= −

2𝐶𝑔𝐷𝐴𝐵𝑥0

𝐶𝑙
, (3.10) 

 𝑁𝐵𝑍 = −𝐶𝑔𝐷𝐴𝐵

𝑑𝑥𝐵

𝑑𝑧
. (3.9) 
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To compare the diffusion coefficients between the C&D and D-O cases, the ratio between the 

C&D and D-O cases can be described below: 

 
𝐷Diffusion Only 

𝐷Convection & Diffusion 
= −

𝑙𝑛(1 − 𝑥0)

𝑥0
. (3.11) 

Figure 3.9 shows the diffusivities estimated by considering the case of D-O (equation 

(3.10)) and the case of C&D (equation (3.6)) for water, ethanol, DME, DMC, and DEC. While 

DEC has the smallest difference of 0.7% due to the smallest x0 of 1.32×10-2, DME has the largest 

difference of 3.3% due to the largest x0 of 6.32×10-2. Ethanol, water, DMC have 3.0%, 1.2%, and 

1.2% differences, respectively. As x0 is the only variable in equation (3.11), the ratios of diffusion 

coefficients for the two cases vary with vapor pressure of liquid. RH does not impact the difference 

as it is not shown as a parameter in equation (3.11). A high molar fraction x0 implies that the liquid 

is volatile. 
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Figure 3.9 Comparisons of the diffusion coefficients calculated by the diffusion only (D-O) model 

(equation (3.10)) and the evaporation-driven convection and diffusion (C&D) model (equation 

(3.6)) using the experimental data. 

 

3.4 Summary 

This chapter proposed and discussed the experimental method to measure the diffusion coefficients 

and evaporation rates of organic solvents (DME, DMC, DEC, and PC) which are commonly used 

as nonaqueous electrolytes for light-metal batteries, such as Li-ion, Li-O2, and Na-O2 batteries. A 

1-D evaporation-driven transport model was derived to build the relationship between the diffusion 

coefficients of organic solvents in ambient air and the height change of liquid in a tube. An 

evaporation experiment was designed to record the heights of various liquids with respect to the 

running time in a RH-controlled chamber. The experimental method was validated by comparing 
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the experimental results of two popular solvents, water and ethanol, of which parameters are well-

known, with those estimated by other models and the literature data. The experimental results and 

calculated values in the present study are summarized in Table 3.3. The results were compared 

with several correlations and the literature data, showing good agreement. The diffusivity of PC 

was estimated with the uncertainty limits since it did not show any measurable change in the liquid 

height. The large difference of PC diffusivity between our model and the FSG model needs further 

investigation, such as repeating the experiment at a higher temperature. In addition, it was found 

that organic solvents with higher solubility in water had a larger decrease in the measured 

diffusivity when RH changes from 0% to 50%. This may be because, based on Raoult’s law, water 

dissolving to the organic solvents with the higher solubility may slow down the molecular 

movement by changing the vapor pressure of solvents. The impact of evaporation-driven 

convectional transport on the diffusion coefficient measurement was also investigated using a 

model considering both evaporation-driven convection and diffusion and another model 

considering diffusion only. It was revealed that there is little difference between the diffusion 

coefficients calculated by the two models using the experimental data, thus the simpler model 

(diffusion only) suffices for the studied liquids. However, it should be noted that this simplification 

is valid only if the vapor pressure of a liquid is significantly smaller than the atmospheric pressure. 

The comparisons of changes in the diffusivity measurement against the running time show that the 

timescale for the diffusivity measurement is approximately 2-10 days for the studied liquids. The 

findings in this paper may be applied to investigate the lifetime of residual solvents, indoor solvent 

vapor transport, environmental contamination, and human health effect of harmful nonaqueous 

electrolytes that are widely used in light-metal batteries. 
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Table 3.3 Diffusion coefficients measured and calculated in the present study. 

Diffusivity (cm2/s) DME DMC DEC PC Water Ethanol 

RH=0% (C&D) 0.0925 0.2116 0.0569 <8.0×10-4* 0.2415 0.1250 

RH=0% (D-O) 0.0956 0.2141 0.0573  0.2444 0.1287 

RH=50% (C&D) 0.0742 0.1943 0.0559    

RH=50% (D-O) 0.0766 0.1967 0.0562  0.2439 0.1197 

FSG 0.0829 0.0908 0.0738 0.0826 0.2439 0.1197 

CE     0.1999 0.1121 

SB     0.2491 0.1544 

*Estimation from uncertainty analysis 
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CHAPTER 4: Evaluation of Evaporation and Diffusion of 

Gas in Porous Media 

Abstract 

In this Chapter, a 1-D model of mass transfer with a porous layer was proposed and experiments 

to measure evaporation rates of liquids were conducted to validate the model. Diffusion resistance 

method was utilized to express the complex mass transfer including both diffusion in air and 

diffusion in porous media. From the diffusivity change against running time, it takes up to 10 days 

to acquire a stable diffusivity value, which is in a good agreement with the finding in Chapter 3. 

The estimated diffusivities of ethanol for the cases of perforated polymer plates bonded on the top 

of the liquid filled cylinders were in good agreement with experimental results. For the carbon 

paper cases, adding porous layers (carbon papers) showed effective reduction of solvent 

evaporation and the evaporation rates showed a reasonable trend regarding different porous 

conditions. However, the estimated correction constants were 1000 times smaller than the 

experimental results. To address the issue, three hypotheses are suggested, and the most possible 

hypothesis is that solubility between the liquid and porous material may have a critical impact on 

determining effective density.  
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4.1 Introduction 

In the previous chapter, a diffusion model of evaporated organic solvent in ambient air has been 

theoretically developed and experimentally validated. In this chapter, evaporative and diffusive 

mass transfer of gaseous species through porous media is explored. Li-air battery uses porous 

structure carbon-based materials such as graphene nanosheets, carbon powder, hollow carbon 

fibers, and carbon papers as cathode electrodes [7, 38, 73]. In Li-air battery, oxygen is supplied to 

the electrolyte from the ambient air, therefore, maximizing the amount of oxygen into the cell 

improves the cell performance. On the other hand, minimizing electrolyte loss to the ambient air 

is also very important as loss of electrolyte reduces the battery performance and sometimes causes 

battery failure in severe cases. In addition to the battery performance, evaporated electrolyte 

solvents can be harmful for human health as described in the previous chapter. Therefore, the 

selection of the membrane for the cathode interface is one of the key factors in the development 

of Li-air battery.  

There are many studies on diffusion in porous media reported for decades. Daneshpajooh 

et al. [74] investigated on the frictional models for membrane transport of gases. Their results were 

compatible with nonequilibrium thermodynamics. Webb [75] reported comparisons the 

Advective-Dispersive Model (ADM) and the Dusty-Gas Model (DGM) for combined advection 

and diffusion of gaseous species in porous media. In He-Ar case, DGM was better than ADM but 

in air-water system the differences between the two models were insignificant. The differences 

come from the ratio of molecular weights of the gaseous species; for the large cases, DGM is 

recommended. Tartakovsky and Dentz [76] reviewed two distinct approaches for diffusion models 

in porous media, starting from Brownian motion to Non-Fickian diffusion in porous media through 

Langevin model, Smoluchowski theory, and Knudsen diffusion. Pisani [77] conducted a 
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theoretical study on multi-component gas mixture diffusion through porous media. A 1-D solution 

was used, considering Stefan-Maxwell for the diffusion in multi-component gas mixtures, 

Knudsen for the diffusion inside a porous medium, and Darcy law for when the mean pore diameter 

is much larger than the molecular mean free path. The equations used in the literature have shown 

good agreement with experimental results, which validates the model reliability. However, in 

many practical cases with that many variables, variables cannot be controlled or are unknown. It 

is difficult to use these equations due to too many unknown parameters and the complexity of the 

equations. Due to such issues, a few simplified models have been used to approximately estimate 

effective diffusivity. In Bruggemann correction, the effective diffusivity in porous media can be 

expressed as [78] 

 𝐷𝑖𝑗
eff = 𝜀1.5𝐷𝑖𝑗 (4.41) 

Note 𝜀  represents porosity, the ratio of pore volume to total volume. When tortuosity (𝜏) is 

considered, equation (4.1) can be modified as 

 𝐷𝑖𝑗
eff = 𝜀𝜏𝐷𝑖𝑗 (4.42) 

Tortuosity typically varies from 1.5 to 10, upon the pore structure.  

In the high temperature conditions, another corrected equation is known more accurate [65] 

 𝐷𝑖𝑗
eff =

𝜀

𝜏
𝐷𝑖𝑗 (4.43) 

Those equations above have advantages due to their simple structure and small number of 

parameters. However, they raise doubts on validity when being given a new porous material since 

the equation structures are very simple and the tortuosity is not a parameter that is normally 

informed by the manufacturer nor easily measured. Thus, the present study began from validating 
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the equation with a simple porous structure and expanding to estimate and compare the effective 

diffusivity of water and ethanol vapor thorough two commercial carbon papers that are used for 

Li-air battery with the experimental results. 

4.2 Method 

4.2.1 Model Development 

Figure 4.1 demonstrates a 1-D diffusion through porous media with evaporation-driven mass 

transport. Once the liquid is vaporized, the gaseous molecules move upward by convection and 

molecular diffusion. When the molecules reach the interface between air and porous media, they 

pass through the media with thickness (𝛿) by diffusion. However, due to the porous structure, the 

molecular diffusion will be impeded by blockage. The diffusivity in porous media will be lower 

than that in the air and needs to be corrected to effective diffusivity. Assuming the concentrations 

of vapor at the liquid-air interface and at the porous media-air interface and diffusivity in air (D1) 

are given, the diffusion coefficient in the porous media (D2) can be estimated. The idea for this 

model derivation comes from thermal resistance in Figure 4.2 and it is assumed to be eligible due 

to the analogy between heat transfer and mass transfer. Using this resistivity idea, Fick’s law can 

be expressed as: 
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Figure 4.1 Schematic diagram of a 1-D evaporation-diffusion through porous media. 
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Figure 4.2 Example of thermal resistance [79]. 

 

 𝑗 =
1

𝑅𝐷
∆𝐶 (4.44) 

The mole flux (j) is equal to liquid concentration (CL) times liquid height change over time 

(𝑑ℎ(𝑡) 𝑑𝑡⁄ ) and resistance RD is the sum of the inverse of diffusivity divided by diffusional length. 

Equation (4.4) can be converted to 
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𝐶𝐿

𝑑ℎ(𝑡)

𝑑𝑡
=

1

ℎ(𝑡)
𝐷1

+
𝛿
𝐷2

(𝐶0 − 𝐶𝑒𝑛𝑑) 
(4.45) 

where h(t) and 𝛿 indicate liquid height with respect to the time and thickness of the porous media, 

respectively. D1 and D2 are the diffusivities of vaporized solvent in air and porous media, 

respectively. The concentration at the porous media-air interface (Cend) is zero as the blowing dry 

air keeps the surface extremely low concentration of the vapor. Using the ideal gas law, the 

concentration of liquid-air interface (C0) can be expressed as: 

 𝑃𝑣𝑎𝑝 = 𝐶0𝑅𝑇 → 𝐶0 =
𝑃𝑣𝑎𝑝

𝑅𝑇
 (4.46) 

where 𝑃𝑣𝑎𝑝, 𝑅, and 𝑇 indicate vapor pressure of the liquid, universal gas constant, and temperature, 

respectively. Considering species conservation, 𝐶𝐿 = 𝜌𝐿 M𝑖⁄ , equation (4.5) is described as: 

 

𝜌𝐿

𝑀𝑖

𝑑ℎ(𝑡)

𝑑𝑡
=

𝑃𝑣𝑎𝑝 𝑅𝑇⁄

ℎ(𝑡)
𝐷1

+
𝛿
𝐷2

 
(4.47) 

where 𝜌𝐿 and Mi represent liquid density and molecular weight of the liquid solvent, respectively. 

Equation (4.7) can be simplified as: 

 
𝑑ℎ(𝑡)

𝑑𝑡
=

𝐷1𝐷2𝑀𝑖𝑃𝑣𝑎𝑝

𝑅𝑇𝜌𝐿(𝐷2ℎ(𝑡) + 𝐷1𝛿)
 (4.48) 

Solving this 1st order ODE, the following equation can be found. 

 𝐷2ℎ(𝑡)
𝑑ℎ(𝑡)

𝑑𝑡
+ 𝐷1𝛿

𝑑ℎ(𝑡)

𝑑𝑡
=

𝐷1𝐷2𝑀𝑖𝑃𝑣𝑎𝑝

𝑅𝑇𝜌𝐿
 (4.49) 

To make it easier to integrate, equation (4.9) can be modified as: 
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𝐷2

2

𝑑ℎ(𝑡)2

𝑑𝑡
+ 𝐷1𝛿

𝑑ℎ(𝑡)

𝑑𝑡
=

𝐷1𝐷2𝑀𝑖𝑃𝑣𝑎𝑝

𝑅𝑇𝜌𝐿
 (4.50) 

By integrating equation (4.10),  

 
𝐷2

2
∫

𝑑ℎ(𝑡)2

𝑑𝑡
𝑑𝑡

𝜏

0

+ 𝐷1𝛿 ∫
𝑑ℎ(𝑡)

𝑑𝑡
𝑑𝑡

𝜏

0

=
𝐷1𝐷2𝑀𝑖𝑃𝑣𝑎𝑝

𝑅𝑇𝜌𝐿
∫ 𝑑𝑡

𝜏

0

 (4.51) 

 𝐷2

2
(ℎ(𝑡)2 − ℎ0

2) + 𝐷1𝛿(ℎ(𝑡) − ℎ0) =
𝐷1𝐷2𝑀𝑖𝑃𝑣𝑎𝑝

𝑅𝑇𝜌𝐿

(𝑡 − 𝑡0) 
(4.52) 

Finally, the effective diffusivity in the porous media can be expressed as: 

 
𝐷2 =

𝐷1𝛿(ℎ(𝑡) − ℎ0)

𝐷1𝑀𝑖𝑃𝑣𝑎𝑝(𝑡 − 𝑡0)

𝑅𝑇𝜌𝐿
−

1
2

(ℎ(𝑡)2 − ℎ0
2)

 
(4.53) 

It should be noted that D2 depends on h(t)2 as well as h(t). 

Once, the types of liquid solvent and porous media are determined, records of liquid height against 

the experiment running time are requested to measure the effective diffusivity. 

4.2.2 Experimental Setup 

Since the experiment is analogous to the experiment conducted in Chapter 3, the experimental 

setup was prepared similar to the diffusion measurement in Figure 3.4. However, in this 

experiment, a larger tube with 12 mm inner diameter and 120 mm length, filled with one type of 

liquid, was placed in the air-condition-controlled chamber to secure enough area for porous 

structures. The humidity and temperature of ambient air were controlled: The relative humidity 

(RH) was maintained as 0% by blowing dry air and the temperature was maintained 22±2°C under 

ambient pressure (1 atm).  
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Figure 4.3a shows the cylinder-porous media assembly, bonded by glue and Figure 4.3b shows 

the assemblies placed in the rack.  

 

 

Figure 4.3 Cylinder-porous media assembly; (a) bonded by glue and (b) assemblies placed in the 

rack. 

 

Diffusivities of the vapor in ambient air were measured to check if the modified 

experimental setup changes the results. Then, in order to validate the derived model, a single hole 

polymer with diameter of 5.27 mm and thickness of 6.15 mm was attached on the top of the 

cylinder. The single hole porous media can simplify the model as the tortuosity is 1 and porosity 
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is easily determined by the ratio of areas. The calculated porosity is 0.193. After validation with 

the single hole porous media, two commercial carbon papers (AvCarb P50, AvCarb P75) were 

employed to measure the effective diffusivities. AvCarb P50 (P50) and AvCarb P75 (P75) have 

nominal thickness of 0.184 mm and 0.205 mm, respectively. All experiments were repeated 3-4 

times to ensure the reproductivity. 

4.3 Results and Discussion 

Since the cylinder dimensions are different from those used in Chapter 3, the diffusivities of water 

and ethanol in ambient air were measured by the same method used in Chapter 3. The results listed 

in Table 4.1 show that there are 18.2% and 14.4% increases in the diffusivity values for water and 

ethanol, respectively, which are reasonable deviation to be considered consistent. 

 

Table 4.1 Comparison of diffusivity measured with small and large tubes. 

 Water Ethanol 

Small cylinder (Ch. 3, cm2/s) 0.242 0.125 

Large cylinder (Ch. 4, cm2/s) 0.286 0.143 

Difference (%) +18.2 +14.4 

 

After validating the diffusion coefficients measured with the new experimental setup, 

single hole porous media bonded cylinders were prepared to validate the developed model. The 

porosity and tortuosity are already known so the effective diffusivity estimated by using equation 



 

70 
 

(4.2) was compared with the effective diffusivity estimated by the model (equation (4.13)). The 

effective diffusivity change with respect to the running time is plotted in Figure 4.4. The diffusivity 

of ethanol tends to be stabilized to 0.022 cm2/s after 4 days from the beginning of evaporation 

while that of water vapor was stabilized to 0.056 cm2/s after ~9 days running. As described in the 

Chapter 3.3, the effective running time is dependent on the measurement precision. Based on the 

equation (4.2), the porosity can be estimated to compare the model validity described as: 

 
𝐷𝑖𝑗

eff

𝐷𝑖𝑗
=

𝐷2

𝐷1
= 𝜀𝜏 (𝐷𝑖𝑗

eff = 𝐷2, 𝐷𝑖𝑗 = 𝐷1) (4.54) 

The comparison listed in Table 4.2 indicates that the two porosity values of water vapor are in 

good agreement and those of ethanol have 20% difference, but this is still under the consistent 

range.  

 

Table 4.2 Comparison of estimated porosity using equation (4.13) with designed porosity 

determined by equation (4.14). 

 Water Ethanol 

D (in air, cm2/s) 0.286 0.143 

Deff (cm2/s) 0.0564 0.0220 

Estimated porosity (%) 19.8 15.4 

Designed porosity (%) 19.3 
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Figure 4.4 The effective diffusivity variance over the running time. 

 

The next step was to validate the model with the practical porous media, commercial 

carbon papers. Figure 4.5 demonstrates the evaporation rate of ethanol under different porous 

conditions. An open cylinder was used as a reference and P50 carbon paper-cylinder assemblies 

of 4 configurations (a single layer with a single hole of 7.0 mm diameter, a single layer without 

any holes, 3 layers, and 5 layers) were used. Since there is no clear porosity and tortuosity data 

provided from the manufacturer, the correction constant (𝜀𝜏) of the single layer with a hole is 

estimated to be a single layer of non-porous structure with the same size of the hole. Note the 

actual correction constant should be larger than the assumed value (𝜀𝑎𝑠𝑠𝑢𝑚𝑒𝑑
𝜏 = 0.34).  
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Evaporation rates of liquid ethanol under different porous conditions are shown in Figure 

4.5. The open tube showed the fastest evaporation rate, then followed a single carbon paper with 

a hole, a single layer carbon paper, and 3-layer carbon paper in order. 5-layer carbon paper showed 

almost same result with that of the 3-layer. From the results, it was found that the evaporation 

depression effect is not linearly dependent on the number of carbon paper layers. For example, the 

evaporation rate of a single layer carbon paper decreased from 25 to 35% compared to the open 

tube case. Moreover, the evaporation rate of the 3-layer decreased from 29 to 40% compared to 

the open tube case. This may be explained by capillary action (wicking) in that liquid flows in 

narrow spaces (porous layer) due to the intermolecular forces between liquid and porous media. 

Even though it is not linearly dependent, it can be concluded that adding a porous layer effectively 

depresses the evaporation rate by limiting diffusion.  
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Figure 4.5 Evaporation rate of ethanol under different porous conditions. 

 

The effective diffusivities calculated by using equation (4.13) are tabulated in Table 4.3. 

The average diffusivity of the open cylinder case is a bit larger than those measured in Chapter 3 

(0.125 cm2/s) and the current experimental setup validation (0.143 cm2/s) but still in the reasonable 

range. However, the estimated correction constant for the single hole sample is almost 1000 times 

smaller than the assumed value. It should be noted that the correction constants for single layer, 3 

layers, and 5 layers cases are closed together in values but becomes smaller as the number of the 

layers increase. This trend shows that the porous layers effectively depress the solvent evaporation 

and diffusion. 
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Table 4.3 The diffusivities estimated by using equation (4.13) for the open cylinder, a single layer 

with a single hole, a single layer without holes, 3 layers, and 5 layers of AvCarb P50 carbon paper. 

Time  

(hrs) 

Open 

(cm2/s) 

Single hole 

(cm2/s) 

1-Layer 

(cm2/s) 

3-Layer 

(cm2/s) 

5-Layer 

(cm2/s) 

23.0 0.15 7.20×10-05 6.21×10-05 5.22×10-05 5.21×10-05 

45.5 0.18 6.56×10-05 5.55×10-05 5.04×10-05 5.03×10-05 

70.5 0.19 6.13×10-05 5.14×10-05 4.81×10-05 4.64×10-05 

115.5 0.17 5.38×10-05 4.47×10-05 4.17×10-05 4.16×10-05 

139.1 0.18 5.02×10-05 4.26×10-05 4.01×10-05 4.01×10-05 

190.2 0.17 4.49×10-05 3.87×10-05 3.69×10-05 3.62×10-05 

Average D 0.172 5.80×10-05 4.92×10-05 4.49×10-05 4.45×10-05 

Estimated ετ 

 

3.37×10-04 2.86×10-04 2.61×10-04 2.59×10-04 

 

Due to inconsistency between the diffusivities under the ethanol liquid and AvCarb P50 

carbon paper condition estimated using equation (4.13) and equation (4.14), no further study has 

been conducted. Instead, some hypotheses on these large errors are suggested. The first hypothesis 

is that the derived equation has a problem in the assumptions or derivation. However, this 

hypothesis cannot explain the consistent results for the single hole polymer cases. The second 

hypothesis is that the derived model has limitations, such as that it is invalid for microporous 

structure due to Knudsen diffusion or that it is valid only with a certain range of thickness of porous 
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media. With the similar consideration, the precision of the current experimental setup is not enough 

to measure commercial carbon papers, considering the polymer’s thick thickness of 6.15 mm while 

the carbon paper’s thin thickness of ~0.2 mm. For example, as shown in Figure 4.3a, the sealing 

made from glue may not be able to perfectly prevent the gas leakage from passing though 

unexpected pathways. In addition, unclear thickness of the carbon paper may result in the error, 

e.g., P75 has two nominal thicknesses in different pressure conditions (0.245 mm at 1 psi and 0.205 

mm at 7.3 psi). The last hypothesis is that the model has to consider solubility between the pore 

material and vaporized liquid. This may be a critical parameter because noticeable size of circular-

shaped wet surfaces on the porous media have been frequently observed during the experiment. 

When vapor is condensed on the porous media, it may block the pathway of the vapor diffusion, 

which would significantly reduce the correction constant due to decreased active porous volume 

as well as absorbance of vapor to the condensed liquid surface. To understand condensation effect, 

the solubility of porous media and liquid solvent needs to be investigated and the effective active 

area of wet surface needs to be considered. 

4.4 Summary 

In this chapter, effective diffusivity in porous media has been estimated with a 1-D model derived 

using mass transfer resistor sub-model and the model was experimentally validated. A resistance 

consisting of molecular diffusion in air and diffusion in porous media is used for the 1-D steady-

state mass transfer equation. The effective density can be estimated from the properties of 

vaporized liquid, thickness of the porous media, and the data of liquid height change against 

evaporation time. The model validity was examined by comparison with experimental data. A 

polymer plate with a single hole was employed to simplify the complexity as its tortuosity is a 

constant of 1 and porosity is easily measured. The experimental results with water and ethanol 
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have a good agreement with the estimated values. To prove the model validity in a practical use, 

each of two types of carbon papers was attached on the top of the cylinders filled with the liquids. 

The results were inconsistent with the experimental results in that they have 1000 times difference 

in the estimated correction constants. Evaporation rates of the carbon paper experiments indicate 

that the evaporation trend makes sense because the samples with straighter pathways for the vapor 

(less volume of porous media and with a single hole) showed larger evaporation rate. To address 

the larger errors between experimental results and the model estimations, three hypotheses are 

suggested. The first one is the model’s inherent invalidity. However, this may not explain the good 

agreement in the results for the perforated polymer cases. The second hypothesis is unrecognized 

limitations in the model or experimental setup. It is possible that the model is not valid for 

microporous structure or porous media with a very thin thickness. The imprecise experimental 

setup may be able to explain the large error for the carbon paper experiments. The third hypothesis 

is about solubility between the porous media and liquid. When vaporized liquid is condensed in 

the porous media, the effective porous volume decreases as a result, and this can possibly largely 

decrease the measured effective diffusivity. It is recommended to investigate the solubility effect 

and to measure effective porous area during the experimental runs in order to improve the model 

validity. Also, the effective running time of diffusivity measurement was studied and the results 

indicate that it takes up to 10 days to be stable in diffusivity, which is consistent with the previous 

results in Chapter 3.  
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CHAPTER 5: Conclusion and Future Work 

The dissertation explored the mass transfer of battery organic electrolyte with theoretical and 

experimental approaches. The study started from the consideration of increasing demand of the 

global energy conversion due to increasing global population and energy consumption per capita. 

Battery is currently the most popular and potential technology to effectively store and supply 

energy. Lithium based batteries, including Li-ion and Li-air, have drawn attention due to their light 

weight and lowest electronegativity of Li metal. However, Li-ion battery needs large 

improvements to fulfill the high specific energy needed for portable devices and electric vehicles 

and to make it secure in the events of physical impact and damage. Li-air battery needs far more 

improvements in that its commercialization has not yet been done due to its critical issues, such as 

voltage loss by discharge product precipitation and electrolyte consumption and loss to the ambient 

air. Such problems critically reduce the number of rechargeable battery cycles. Electrolyte plays a 

key role in determining Li-ion and Li-air battery performance and longevity. Therefore, the present 

study focused on three subjects: Spatial variation of cathode reaction rates in lithium-air batteries, 

Molecular diffusion and evaporation rate of battery organic electrolytes in ambient air, and 

evaluation of evaporation rate and diffusivity of gas in porous media. 

In the first subject, a model of 1-D reaction and diffusion transport was employed. For the 

reaction, Tafel equation, an approximation form of the Butler-Volmer equation, is utilized to 

approximate the reaction rate. The simplified model with non-dimensionalization is characterized 

by Damköhler number (Da) and transfer coefficient (β). After a single layer model was developed, 

a model for multi-layer cathode was derived to optimize the cathode design for the purpose of 

minimizing the spatial variation of the reaction rates. From the case study, the effect of Da, β, and 
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baseline data on an optimal multi-layer cathode design was explored. In addition, the results 

provided practical data to evenly distribute the O2 concentration reduction. The 3-D plot for the 

spatial variation of current density with respect to D1 and D2 may provide a good guideline in 

designing double-layer Li-air cathode. Based on the current research achievement, further studies 

can be suggested. One is to investigate impact of Li-Ox precipitates on battery discharge 

performance. Voltage loss by Li-Ox precipitations is a critical issue in Li-air battery, disrupting 

the battery commercialization. Experimental approach to measure the precipitation production and 

deposit is of importance to develop its prediction model. It is also recommended to use the models 

from literature and to compare the estimated values with the experimental data. Such studies are 

helpful in the battery development, and can ultimately facilitate commercialization of Li-air 

battery. 

In the second subject, a 1-D evaporation-driven convection-diffusion model was proposed 

to estimate the diffusivity of organic solvents in ambient air. The organic solvents are 1,2-

dimethoxyethane (DME), dimethyl carbonate (DMC), diethyl carbonate (DEC), and propylene 

carbonate (PC) which are typical electrolytes for light metal batteries. The model estimations were 

compared with the experimental results to prove its validity. The experiment was to measure 

evaporation rates of liquid solvents in narrow cylinders that are placed in an environment-

controlled chamber. To validate the experiment setup, the data and other model predictions from 

literature for water and ethanol are compared with those measured from the present study. After 

proving that the results in this study were consistent with other literature data, diffusivities of 

organic solvents were found; DME (0.0925 cm2/s), DMC (0.2116 cm2/s), and DEC (0.0569 cm2/s). 

The PC testing failed due to a liquid loss smaller than the measurement uncertainty resulting from 

its slow evaporation rate under the experimental condition. In addition, the diffusivity of organic 
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solvents with higher solubility in water tend to decrease more when RH changes from 0% to 50%. 

Raoult’s law may explain this as water contents dissolved in the organic solvents may lower the 

vapor pressure of liquids. The results of this study will be useful in predicting diffusive behavior 

of exposed battery electrolyte to ambient air and determining public health guideline. 

In addition to the diffusive mass transport in ambient air in the second subject, the third 

subject dealt with impact of a porous layer on the diffusive mass transport. Using a diffusion 

resistor sub-model, a 1-D model considering evaporation-driven convection-diffusion in air and 

diffusion in porous media was proposed to estimate effective diffusivity. The model validity was 

investigated by the comparison of the model estimation with the experimental results. For a single 

hole polymer plate as a porous media, the diffusivities are in good agreement. The diffusivity 

changes of water and ethanol against time indicated ~9 days of running time is required to obtain 

stable results, which is consistent with ~10 days effective running time found in the second subject. 

In the experiments with commercial carbon papers, the results were inconsistent with the 

estimations by the model, showing about 1,000 times difference in the correction constants. To 

address this issue, some hypotheses were suggested to account for the issue. One most possible 

hypothesis is to consider solubility between the porous media and liquid. Condensed liquid in the 

carbon papers may decrease the effective porous volume and accordingly, slow down the mass 

transfer through the paper. In order to address this, the suggested work is to investigate the 

solubility effect and to measure effective area of the porous media during the experiments. Another 

suggested future work is to simulate diffusive mass transfer of vaporized organic solvents under 

the room condition to predict time-dependent vapor concentration distributions. Electrolyte mass 

transfer outside does not bring out critical heal issues because it will rapidly spread by convection 

to a safe level However, in room condition, this could be dangerous. The results can be useful for 
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human health effect predictions in consideration of USA’s Protective Action Criteria (PAC). PACs 

levels of organic solvents are listed in Table 5.1.  

 

Table 5.1 Protective Action Criteria levels for battery electrolyte solvents [80]. 

 PAC-LEVEL1 PAC-LEVEL2 PAC-LEVEL3 

Effect 
Mild, transient 

health effects. 

Irreversible or other serious health 

effects, impaired ability to take 

protective action. 

Life-threatening 

health effects. 

DME (mg/m3) 2 22 280 

DMC (mg/m3) 39 430 2600 

DEC (mg/m3) 2 22 340 

PC (mg/m3) 3.3 37 220 
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Nomenclature 

a surface-to-volume ratio 

Ci  molar concentration of species i 

Di diffusion coefficient of species i 

Da Damköhler number 

F Faraday’s constant 

h height of liquid 

I current density 

j mole flux 

jc transfer current density 

k reaction coefficient 

kB Boltzmann constant 

M molar mass 

N molar number 

n number of electrons 

P pressure in atmosphere 

Pc critical pressure 

Pvap vapor pressure 

R Universal gas constant 

RD diffusion resistance 

t running time 

T temperature 

Tc critical temperature 
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u velocity in x-direction 

U0 equilibrium potential 

vIZ volume at the surface 

∑V atomic diffusion volume 

x0 molar fraction at the interface 

xh molar fraction at the top of the glass tube 

xi molar fraction of species i 

 

Greek 

β transfer coefficient 

δ thickness 

ε porosity or energy of interaction (Chapter 3) 

𝜀𝜏 correction constant 

η surface overpotential 

ρ density 

σ collision diameter 

τ tortuosity 

𝛷 phase potential 

Ω dimensionless quantity depending on an integration of the interaction between two 

species 

 

Superscripts and Subscripts 

e electron 



 

83 
 

eff effective value 

end value at the end 

g gaseous component 

l (L) liquid component 

0 value at the initial or bottom 

ref reference value 
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