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DESIGN OF LITHIUM AIR BATTERIES WITH AQUEOUS 

ELECTROLYTE 

Yunfeng Li 

Dr. Yangchuan Xing, Thesis Advisor 

ABSTRACT 

Aqueous lithium-air batteries (LABs) show a great promise as energy storage devices 

due to their high energy densities. However, there are currently numerous scientific and 

technical challenges that must be addressed before becoming practical in applications. 

This study was aimed at understanding some of the problems, including hydrophobic 

effect on the air cathode structure, catholyte pH effect on cell performance, and Nafion® 

coating to reduce corrosion of the lithium ion conducting glassy ceramic membrane.  

(1) The air cathode for aqueous LABs is made with a thin transition layer using 

carbon nanofibers decorated with Teflon (PTFE) particles to make it partially 

hydrophobic. It was found that 30 wt.% PTFE produced the best results in balancing 

water vapor diffusion and air (oxygen) diffusion through the cathode. (2) Catholyte pH is 

an indication of acidity of an aqueous electrolyte. It was found that the catholyte pH has a 

significant effect on battery performances. The good performances were found to be 

when the pH is less than 3 or higher than 12, i.e., when the catholyte is either highly 

acidic or highly basic. When the pH is in between, the battery discharge performance was 

poor and much less efficient. (3) The electrolyte separator is a lithium ion conducting 
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ceramic membrane. It is prone to corrosion in either acidic or basic electrolytes. 

Protection of the ceramic membrane was studied by coating it with a Nafion® film. The 

addition of a layer of lithiated Nafion thin film was found to be effective to increase the 

lifespan of the membrane in acidic electrolytes. It was demonstrated that the operational 

life of a LAB can be fairly extended with a coating of ca. 6 μm. 
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CHAPTER 1.   INTRODUCTION OF LI-AIR BATTERIES 

1.1 Introduction 

The lithium-air (Li-air) battery is a metal-air battery which generates an electrical 

current through oxidation of lithium at the anode and reduction of oxygen at the cathode 

during a discharge process. The Li-air battery was first proposed by the researchers at 

Lockheed in 1976 for its exceptionally high specific energy and power, who used an 

alkaline aqueous solution as the electrolyte.[1] The non-aqueous Li-air battery was first 

reported to be rechargeable by Abraham and Jiang in 1996 [2], with the use of lithium as 

the anode, a porous carbon as the cathode, and a gel polymer electrolyte membrane as the 

separator.  

The theoretical specific energy of Li-air batteries was calculated as 5200 Wh/kg, or 

equivalently, 18.7 MJ/kg, when the weight of oxygen is included.[3] This high energy 

density, which is comparable to that of a combustion engine, has attracted much attention 

in the recent decade, and interest in Li-air batteries with non-aqueous electrolytes 

continues to grow. Both combustion engine and Li-air battery are predicted to achieve a 

practical specific energy of 1,700 Wh/kg, which is several folds higher than most of the 

existing battery systems.[4] Since 2009, Li-air batteries have recaptured more scientific 

interest due to advances in materials technology and their potential of replacing 

combustion engines in automobiles. 
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1.2 Category of Li-air batteries 

Li-air batteries are categorized by electrolytes used in them, namely, aqueous or 

non-aqueous. Generally, there are four kinds of Li-air batteries [5], as shown in Figure 

1-1. The electrochemistry depends on the electrolyte used in the battery. 

I) Aprotic Li-air batteries  

 2 2 22Li O Li O    (1-1) 

 and 2 22Li O Li O（1/2）   (1-2) 

II) Aqueous Li-air batteries 

 +
2 22 2 (1/ 2) 2 +Li H O Li H O    (Acidic media) (1-3) 

 2 22 (1/ 2) 2Li H O O LiOH    (Alkaline media)  (1-4) 

III) Mixed aqueous and aprotic hybrid Li-air batteries (HyLABs) 

At the anode of the batteries, the electrolyte is filled with non-aqueous liquids. While at 

the cathode side, an aqueous electrolyte is used. 

IV)  Solid state Li-air batteries 

The chemistry for the solid state Li-air batteries is not clear, but is presumably the same 

as that for the aprotic electrolyte. [4] 

Although non-aqueous Li-air batteries have higher energy density than the aqueous 

ones, they have some problems that still need to be addressed, such as lithium corrosion 

by water and CO2 when operated in air, air cathode clogging during discharge[6], 

electrolyte decomposition[7], and high discharge/charge potential difference.[8] Some of 
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these problems could be removed with the use of an aqueous electrolyte and a water 

stable lithium electrode. Thus, the prerequisite to obtain a practical aqueous lithium–air 

system is to develop a water stable lithium electrode. Most of this research is related to 

HyLABs. 

 

 

Figure  1-1. Four different types of Li-air batteries.[5] 

1.3 Challenges of HyLABs and Possible Solutions 

The estimated energy density of a HyLAB is 1,300 Wh/kg for alkaline aqueous 

electrolyte and 1,400 Wh/kg for acidic aqueous electrolyte [9, 10]. Although aqueous 

LABs present promising prospects of future road electrification, various limitations exist 

and major hurdles remain for this transition. A review has clearly described the limiting 
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factors that impede the practical application and commercial initiatives of LABs.[11] 

Specifically, there are several limiting factors for developing HyLABs. 

First, one possible avenue of enhancing HyLAB energy performance is tied with the 

development of new materials and structure design of the air cathodes. The air cathode 

design should consider water vapor and oxygen diffusion and solubility, gas–liquid–solid 

three-phase oxygen reduction reaction (ORR) active sites, and high surface area support 

for electrocatalyst loading. The surface area of the carbon cathode is important for the 

performance of HyLABs during electrochemical reactions. During the discharge process, 

oxygen is reduced to form water or hydroxides in an aqueous catholyte, and the charging 

cycle reverses the chemical reaction and produces oxygen gas. Both processes take place 

on the cathode surface. As a result, to ensure a satisfactory power output, a high surface 

area of cathode is required. A rough estimation of a prototype Li-air battery shows that, 

with 100 kW power output and 1 mA/cm2 current density at 3.0 V requires an internal 

surface area of 4000 m2. Control of the vapor evaporation is also very important for long 

term operation of HyLABs. An ideal air cathode in a HyLAB should have a good 

meso-pore network, a large surface area necessary to disperse more catalyst particles and 

increase the current density on discharge, a structure of sheet-like component having 

opposite surfaces (hydrophobic and hydrophilic) exposed to ambient atmosphere and to 

aqueous electrolyte. This will be discussed in detail in Chapter 2. 
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Second, another aspect of HyLAB performance is the composition of catholyte. 

Unlike in non-aqueous LABs, the ORR products in aqueous LABs are soluble in aqueous 

catholytes and the composition of the catholytes is always changing during battery 

discharge. In other words, protons will be consumed or hydroxide will be generated in the 

process. The changing of the chemical composition in catholyte affects the mechanisms 

and kinetics of the ORR. Chapter 3 will emphasize on the discussions of this problem. 

Third, the lifespan of a battery is another parameter when evaluating future potential 

of LABs as an electric propulsion source. For a HyLAB, the stability of lithium ion 

conducting glassy ceramic (LiCGC) is a determining factor on its lifespan. Unfortunately, 

LiCGC is not stable in either strong acidic or alkaline solutions. Thus, its protection 

against chemical corrosion is important. Coating of LiCGC with a lithiated Nafion thin 

film will be discussed in Chapter 4. 

1.4 Objectives of This Research 

The objective of this research is to study possibilities that could improve the overall 

performance of a HyLAB with acidic catholytes. By understanding the problems listed 

above, it is expected that HyLABs can be improved and come closer to practical 

applications. The thesis is consisted of three parts, addressing the three problems stated 

above. Each part is presented as a manuscript for peer-reviewed journal publications.  
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CHAPTER 2.   THE ROLE OF PTFE IN CATHODE 

TRANSITION LAYER FOR AQUEOUS LI-AIR 

BATTERY 

 

2.1 Introduction 

LABs have gained much attention for their potential as a source of energy 

comparable and alternate to gasoline because of their high theoretical energy densities 

[12-16]. Typically, two types, organic aprotic and aqueous, of catholytes are employed in 

LABs. Compared to aprotic ones, the use of an aqueous catholyte has several unique 

advantages such as high solubility of discharge products, high ionic conductivities, and 

low catholyte volatility.[17] During the operation of an aqueous LAB, electrons flow 

throughout the circuitry between a lithium anode in contact with a non-aqueous 

electrolyte and an air-breathing cathode in contact with aqueous catholyte. To balance the 

overall charge in the cell, positive lithium ions flow through a lithium-ion-conducting 

glassy ceramic (LiCGC) membrane from the non-aqueous anode compartment to the 

aqueous cathode compartment. 

It was previously reported the discharge/charge performance of Li-air batteries with 

acidic and alkaline aqueous solutions as catholytes, respectively [15, 18]. A 

multifunctional cathode is needed to meet the following criteria [19-23] First, an air 

cathode must be as permeable to oxygen gas from the ambient atmosphere as possible, 

since oxygen transportation is a limiting factor at high discharging rates. Second, the 
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diffusion of water vapor towards ambient should be minimized in order to keep the 

catholyte and wet the air/solid interface. Finally, the cathode is expected to have high 

surface area to provide sufficient active reaction sites or support catalysts for oxygen 

reduction reactions (ORRs) and oxygen evolution reactions (OERs). To accommodate 

those requirements, a sheet-like air cathode is desired, owing opposite properties on two 

sides exposed to the ambient atmosphere and to an aqueous electrolyte [15].  

As either an ORR or OER requires a 3-phase reaction zone in rechargeable metal-air 

batteries, consisting of air, the electrolyte, and a supported catalyst, the catalyst layer 

must be wetted in order for oxygen reduction to occur. Sufficient wetting of this layer is 

important to ORR or OER. However, if too much wetting happens, the cathode can 

wet-through entirely, which causes the cell polarized and the cell overpotential increases 

sharply. More seriously, the catholyte could easily evaporate from a wetted-through 

cathode, leading to a heavy loss of water and consequently contacting area between the 

cathode and electrolyte, therefore resulting in poor battery performance. The gradual loss 

of water in catholyte could also increase the lithium ion concentration and this could 

result in the precipitation of the lithium salts during discharge under certain 

circumstances, which also severely hinders battery operation. All these conditions will 

negatively affect the battery performance, especially for continuing operation of the 

battery.  

Because water molecules are much smaller than oxygen molecules, it is impossible 

for O2 to be more permeable than water through porous structures. Also since oxygen 
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diffusion is highly dependent on the porous properties of air-breathing cathodes, 

evaporation and the escape of water molecules from the catholyte pouch to the ambient 

air through the cathode is inevitable. Therefore, the clear choice for an air breathing 

cathode is to prevent water from evaporating without sacrificing oxygen diffusion. The 

other side of air cathode facing to ambient air has to be hydrophobic enough to keep 

water staying in these batteries.  

In order to counteract or at least partially diminish these negative effects, the 

catalytic layer in the cathode has to be partially hydrophilic, including a certain 

percentage of a hydrophobic organic polymer. Based on previous experience, 

polytetrafluoroethylene (PTFE) was widely used for water management in polymer 

electrolyte membrane fuel cells (PEMFCs) operation to avoid flooding because of its 

excellent hydrophobicity and chemical inertness [24, 25]. Thus, PTFE is very important 

and useful in maintaining stable performance of these porous air-breathing cathodes and 

preventing water evaporation. However, the effect of PTFE content on cathode 

performance in Li-air battery or other metal-air batteries is rarely reported. For this 

purpose, herein we further report our investigation of the PTFE content in the transition 

CNF layer of air-breathing cathode on Li-air battery discharge performance and the water 

evaporation control of the acid catholyte.  



9 
 

2.2 Experimental 

Toray papers (Fuelcellstore.com) with thickness of 100μm (TGP-030), 190μm 

(TGP-060), 280μm(TGP-090), and 370μm (TGP-120) were used to investigate the water 

evaporation in 1.0 M sulfuric acid. The methods of air cathode preparation, LAB 

assembly and cell test were previously reported.[15] The carbon nanofibers (CNF) 

(Pyrograf III) are ca. 100 μm long and ca. 100 nm in diameters. During the preparation of 

the transition layers, different amounts of PTFE (Dupont, Zonyl® MP1200) were added 

into the CNF dispersion of ethanol. The whole dispersion was sonicated thoroughly 

before vacuum filtration was performed to make the transition layer. The catalyst layer 

was made similarly with carbon nanotubes (CNTs) with 5% Pt catalyst. A 5 wt.% PTFE 

was also added to the catalyst layer. The transition and catalyst layers were laminated 

onto the Toray papers and hot pressed ( temperature and pressure were 140ºC and 10 kN, 

respectively) [15].  

The prepared cathodes with different PTFE contents were characterized by scanning 

electron microscopy (SEM, Hitachi S4700). They were also used to investigate 

electrolyte evaporation and LAB cell discharge in 1.0 M sulfuric acid solutions. The tests 

of water evaporation through the cathodes with PTFE were performed in an ambient 

environment. A cathode was attached using epoxy glue onto the rim of a glass vial 

containing 10mm-deep 1.0 M sulfuric acid. The glass vial was put upside down and the 

electrolyte sits on top of the cathode. In this way, the electrolyte is always in contact with 

the cathode. No liquid leaking was observed during the testing period of 4 days.  
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2.3 Results and Discussion 

Figure 2-1 shows SEM images of the air cathode used in this work. In Figure 2-1(A), 

a cross-section view of the cathode is shown, in which the three layers are clearly seen. 

The transition layer is made of CNFs and forms a porous structure, as can be seen in 

Figure 2-1(B). Since the fibers are quite hydrophilic after surface treatment, those 

channels in the porous structure were also hydrophilic and water can creep through it 

because of capillary effect. In order to make them fully hydrophobic, PTFE particles are 

mixed with CNFs in the process of making this layer. By making this layer hydrophobic, 

aqueous electrolyte can no longer leak out. However, capillary evaporation of water was 

still observed, as will be discussed below. 

Figure 2-1 (C) exhibits the SEM images of 30% PTFE CNFs transition layer 

attached on backing carbon paper and its surface morphology. This backing carbon paper 

is not the limiting factor for air-diffusion either for a LAB. Addition a transition layer of 

CNFs (ca. 30 μm in thickness) makes the cathode backing less porous, shown in Figure 

2-1 (B) and this keeps more water in the battery. However, this also becomes a factor of 

limiting air diffusion under this circumstance. The 30 μm CNF transition layer possesses 

both hydrophobic and hydrophilic channels when blended with 30% PTFE, shown in 

Figure 2-1 (D). Due to the non-uniform PTFE particles ranging from several hundred nm 

to several μm, these PTFE particles could either attach on the surface of CNFs or mix 

with CNFs and blocked channels. Apparently, it verifies that these surface-attached PTFE 

particles also play a function of binder during the air cathode preparation process, binding 
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the CNFs, Pt/CNTs catalyst, and backing carbon paper.[15] This is also important for the 

long-time operation of a LAB. 

The thickness of the air cathode can be designed up to a couple of hundred microns, 

in order to maximize oxygen diffusion through it. By only varying the thickness of the 

carbon backing paper, we have found that a thinner and more permeable paper yields 

better battery discharging performance , as shown in Figure 2-2. Based on Fick’s law,  

2

2

O

O

dC
J D

dy
                              (2-1) 

2O

i
J

nF
                                  (2-2) 

where JO2 is oxygen mole flux, D is diffusion coefficient, CO2 is oxygen concentration in 

bulk, y is the mean path in cathode, i is current density and n is the number of electrons. 

It was reported that porosity, tortuosity, and thickness of a porous media decide the 

through-plane fluid diffusion rate.[26-29] Toray-030 (100 microns, 80%) and Toray-060 

(190 microns, 76%) have a little bit higher porosity than Toray-090 (290 microns) and 

Toray-120 (370 microns, 72% in porosity).[28] The tortuosity of later two are much 

larger and complex than the first two and the one of Toray-030 is the least.[26] Thus, the 

air diffusion through Toray-030 yields less gas transport resistance than the rest and 

correspondingly, its battery discharge performance is higher at relatively high current 

densities, shown in Figure 2-2. The thinner one thus has the higher current density. 

Water evaporation through these papers was conducted by attaching a paper to the 
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mouth of a glass vial and measuring the water level in the vial over time, see Figure 2-3 

(A). Four different thicknesses of the carbon papers were tested, with results shown in 

Figure 2-3 (B). Although all the carbon papers have 5% PTFE in them as received (they 

are hydrophobic with water contact angle at 100-110º), the water evaporation rates are 

different due to different thicknesses of these papers. The 100μm-thick carbon paper had 

about 25% loss of electrolyte in every 4 days, and this loss reduced to 20%, 13.5%, and 

13.1% for 190μm, 280μm and 370μm, respectively. The explanation of air diffusion is 

also applicable to the water evaporation through the carbon papers. When the carbon 

paper thickness increases from 100 μm to 190 μm, and further to 280 μm, the thickness 

and tortuosity of the carbon paper increase substantially. Thus, the water evaporation rate 

was reduced almost by half. The standard deviation also decreased along with the 

increase of carbon paper thickness, indicating the water evaporation is more consistent 

for thicker carbon papers. The water evaporation rates in these carbon papers are too high 

for them to be practical in air battery applications. Obviously, it is necessary to add a 

CNF transition layer to depress the water evaporation. 

The results from Figure 2-3 show, that the 100 μm backing carbon paper has much 

larger channels and higher porosity, indicative of its inability to retain water in the 

catholyte, although it demonstrates the best battery discharge performance, as shown in 

Figure 2-2. In order to balance the oxygen transport resistance and depress the water 

evaporation through the cathode, it is necessary to add a CNF transition layer onto this 

100 μm carbon paper in our experiments. Meanwhile, it was made partially hydrophobic 
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with the addition of PTFE to the CNF layer and separates the catalyst layer with the 

carbon paper gas diffusion layer. Figure 2-4 presents the relationship of PTFE contents in 

the CNF layer vs. the water evaporation rate with the same experimental method for 

testing the carbon papers in Figure 2-3. It was found that the average rate of water 

evaporation from the cathode with 15% PTFE CNF layer reduced from 25% to 16.7% 

when compared the one with PTFE-free. The standard deviation of the evaporation rate 

had the same relationship as the average rate vs. PTFE percentage, showing that the 

evaporation was more stabilized. The water evaporation rate is roughly linear to the 

content of PTFE. When the PTFE occupies 50% of the weight, the evaporation rate 

decreased to 5.6%. The general trend is that PTFE creates hydrophobic channels and 

reduces the porosity of the layer, all beneficial to reducing water evaporation.  

 However, the results in Figure 2-5 show that more PTFE content does not always 

yield good battery performance. The PTFE content has an optimal value when battery 

performance is taken into account, which might be more important. As shown in Figure 

2-5, the cathode with ca. 30% PTFE has the highest battery power density and cell 

potential, especially when current densities are higher than 4 mA/cm2. The optimized 

PTFE content is a result of balancing several factors. When less PTFE exists in transition 

layer, fewer 3-phase sites exist at the interface of CNF transition layer and the CNT 

catalyst layer. As most of the interface is in the catholyte and the diffusion of oxygen in 

aqueous solutions is slow, limited the 3-phase sites are clearly not beneficial to the 

improvement of battery discharge performance. On the other hand, too much PTFE in the 
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CNF layer will reduce the porosity and increase the tortuosity of the transition layer, 

which gives some hindrance to air diffusion. It was calculated that 5-8% porosity will be 

reduced when the PTFE content increases from 10% to 50%. Thus, 30% PTFE might be 

an optimized value for the CNF transition layer of Li-air battery air cathode.   

2.4 Conclusions 

In conclusion, the CNF transition layer plays an essential role in regulating the flow 

of water vapor away from the catholyte in aqueous catholyte Li-air batteries. The effects 

of PTFE content in CNF layer on water retention and LAB discharge performance were 

studied. The results showed that the addition of PTFE can effectively mitigate water 

evaporation through cathode into ambient environment. It was found that a higher PTFE 

content in the LAB cathode can be more effective, and limit the water evaporation from 

the catholyte. A proper content of PTFE at 30% is reported to compromise the water 

management and cell performance. 
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Figure 2-1. SEM images of air cathode with PTFE: (A) Overview of the air cathode; 

(B) overview of backing paper and CNF transition layer; (C) Surface morphology of 

CNF layer with 30% PTFE; (D) enlarged view of 30% PTFE distribution in CNF layer. 
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Figure 2-2. Li-air battery discharge performance with cathodes prepared with 

different thickness of backing carbon papers 
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Figure 2-3. Water evaporation test for backing carbon papers. 
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Figure 2-4. Water evaporation rates under different CNF transition layer PTFE 

loading. 
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Figure 2-5.  LAB discharge test with different air-breathing cathode with different 

PTFE loading in the CNF transition layer. 
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CHAPTER 3.   CATHOLYTE pH ON THE PERFORMANCE 

OF AQUEOUS LI-AIR BATTERIES 

 

3.1 Introduction 

LABs have attracted great interest due to their high theoretical energy density [3, 12, 

13] promising an application in all electric vehicles. Rechargeable aqueous LABs have 

been successfully demonstrated using a water stable lithium electrode (WSLE) as an 

anode to avoid self-discharge.[14, 15, 30-34] Such aqueous electrolyte based Li-air 

battery is called hybrid Li-air battery (HyLAB) due to that it consists of an organic 

electrolyte in its anode, an aqueous electrolyte in the cathode, and a solid electrolyte 

separating the anode and cathode. These batteries normally exhibit energy density three 

times greater than current forms of Li-ion batteries [14, 15]. 

The study of potential change in a LAB from its WSLE and aqueous electrolyte to 

air cathode shows that the major discharging loss of the cell potential comes from the air 

cathode side[35], where the sluggish oxygen reduction reaction (ORR) takes place[15]. It 

was reported that even the most electroactive Pt-based catalysts exhibit a cathodic 

overpotential of more than 0.3 V[36]. The ORR is a widely studied electrocatalytic 

process, which plays an important role in electrochemistry for metal-air batteries and fuel 

cells. With the existence of Pt, The ORR is a 4-electron reaction involving different 

pathways and reaction intermediates, in either an acidic or alkaline medium [37, 38]. 

Even though there are debates in reaction mechanism, ORR is believed to occur mainly 
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through three different pathways: the direct 4-electron pathway from oxygen to water, the 

hydrogen peroxide series pathway, and the combination of direct and series pathway 

named parallel pathway [39-42].  For example, oxygen can be reduced in acidic 

solutions at Pt surfaces by a 4-electron pathway to water or by a 2-electron pathway to 

H2O2 intermediate, then to water or be transferred into bulk of the solution.[43] Table 1 

summarizes the most likely ORRs under different pHs in aqueous solutions using a Pt 

catalyst. 

From Table 3-1, one can also find that protons in an acidic catholyte are consumed, 

resulting in the decrease of proton concentrations in the electrolyte during the HyLAB 

discharge. In contrast, hydroxide ions are produced when a LAB operates with an 

alkaline electrolyte, causing more lithium hydroxide (LiOH) to accumulate in the 

catholyte. In either scenario, the pH of the catholye will increase with the increase of 

discharge time. A major failure occurs when LiOH reaches a saturation concentration, 

which precipitates out from the catholyte and deposit onto air cathode. This LiOH 

deposition would cause malfunction of the air cathode and limits the LAB discharge 

capacity, similar to the lithium oxides deposition found in the aprotic LAB.[44] Thus, 

appropriate control of the acidity of electrolyte could address this issue and enhance the 

discharge capacity over the entire pH range.  

 

Table 3-1. Possible ORR pathways on Pt catalyst 
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The varied ORR mechanism would result various discharge profile. Although 

various types of HyLAB systems have been proposed [14, 15, 30, 45, 46], there are 

limited information available regarding the  correlation  of  HyLAB performance and 

catholyte pH values. This work is to explore this correlation. Sulfuric acids and lithium 

hydroxides was used as the catholytes, buffered with lithium sulfates. The pH was 

adjusted in the entire range to determine the pH effects. Main effort focuses on 

Electrolytes ORR half reactions    
Electrode potential at 
standard conditions vs. 
saturated Ag/AgCl,  V 

Equation 
order 

Acidic aqueous 

solution 

O2 + 4H+ + 4e- → H2O   

O2 + 2H+ + 2e- → H2O2  

H2O2 + 2H+ + 2e-→ 2H2O 

 

1.032 

0.498 

1.579 

(3-1) 

(3-2) 

(3-3) 

Alkaline aqueous 

solution 

O2 + H2O + 4e-→ 4OH-    

O2 + 2H2O + 2e- →H2O2 + 2OH-  

O2 + H2O + 2e- → HO2
- + OH-    

HO2
- + H2O + 2e-→ 3OH-      

H2O2 + 2e-→ 2OH-           

0.204 

 

 

 

(3-4) 

(3-5) 

(3-6) 

(3-7) 

Chemical dissociation 
of H2O2 

H2O2 (aq.) → H2O + 1/2O2       (3-8) 
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understanding the possible ORR pathways during discharge and its effect on the cell 

performance. 

3.2 Experimental 

To study the HyLAB discharging process in 0.5 M H2SO4, two types of electrolyte 

were prepared. At pH range 0~7, acidic electrolytes were obtained by mixing H2SO4 and 

Li2SO4, keeping the concentration of SO4
2- at 0.5 M. In pH range 7~14, basic electrolytes 

was consisted of Li2SO4 and LiOH, keeping the lithium ion concentration at 1.0 M. The 

cell was connected to an electrochemical working station (Gamry Reference 3000) under 

chronocoulometry mode. Measurements were carried out by applying voltages from 0-0.6 

V vs. Ag/AgCl. Usually, steady current profile for each voltage was reached within 15 

min. 

The kinetics of ORR characterization at different pHs was obtained by rotating disc 

electrode (RDE) method using an electrochemical work station (Bioanalytical Sciences, 

BAS 100). The working electrode was a glassy carbon with a disk diameter of 5 mm 

(Gamry RDE 710). The counter electrode and reference electrode were the same as 

mentioned previously. Commercially available catalyst 20% Pt/C (E-TEK) was used to 

obtain the trend of ORR pathway by varying pH values. The catalyst was dispersed in 

0.05 wt.% Nafion (Alfa Aesar) in ethanol (Alfa Aesar) by sonication for 20 min to form 

2.0 mg/mL catalyst suspension. 20 μL of the suspension was pipetted onto the disk and 

dried in air. The electrolytes for ORR measurements were made the same to ensure the 
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consistency. All the electrolytes were saturated by O2 before each measurements and the 

rotation of RDE were kept at 1600 rpm. 

The electrochemical measurements for half cell of cathode side were performed in a 

home-made Teflon cell, which simulates a classic three-electrode cell and is shown in 

Figure 3-1. Our previous work has reported the advantage of Pt/CNTs buckypaper air 

cathode structure over packed Pt/C air cathode, Pt/CNTs was chosen as the candidate 

catalyst in this work. The 5% Pt/CNT buckypaper air cathode with Pt loading at 0.05 mg 

Pt/cm2 was cut into a proper size to fit one end of the Teflon cell. The method of 

preparing this air cathode was report previously [15]. The active cathode area open to air 

was tailored as 2.16 cm2 (1.2×1.8 cm)and catalyst layer wasfaced toward the electrolyte 

allowing for ORR. The Ag/AgCl saturated with KCl and Pt wire electrode acted as the 

reference and the counter electrode, respectively. The reference electrode was calibrated 

as 0.197 V vs. standard hydrogen electrode (SHE).  

The starting catholyte for full battery tests was 1.0 M sulfuric acid and later changed 

to various pH electrolytes as described previously. The test of the HyLAB was performed 

in an ambient environment and at 25 ºC. A battery test station (Arbin, GT2000) 

connecting to a computer interfaced with the Arbin Data Pro software was used in the 

battery charge data acquisition.  The cell voltages were recorded at a discharging current 

density of 1.0 mA/cm2 in the prepared electrolytes, and the open circuit voltage (OCV) 

was recorded. 
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3.3 Results and discussion 

Figure 3-2 presents the ORR curve profiles under various pH value. At low pH, e.g. 

pH=1, the polarization curve shows a typical ORR profile in acid, indicating a 4 electron 

pathway (see below). Increasing the electrolyte pH, two plateaus were found (Figure 3-2). 

The first plateau was believed to be ORR. After the reaction reached its limiting current, 

a second plateau appeared with further applied potential negative, which belongs to 

hydrogen evolution reaction (HER).  

According to the Levich equation, the diffusion limiting current density jl can be 

described as follows: 

2 2

2/3 1/6 1/ 20.62l O Oj nFC D           (3-9) 

where n is the overall number of electrons exchanged, F Faraday's constant, 2OC  

oxygen solubility, 2OD  oxygen diffusivity,  the kinematic viscosity of the electrolyte, 

and  is the electrode rotation rate. These physical properties of 0.5M sulfuric acid and 

salt solutions can be estimated from other reports [47, 48]. The exchanged electron 

numbers at various pH values were listed in Table 3-2. As can be seen in Table 2, 

increasing pH from 1 to 4 resulted in a dramatic drop of the number of electron 

exchanged from 3.89 to 0.44, indicating the much less efficient utilization of ORR. 

Further increasing pH to neutral and basic, the polarization curves switch back to one 

plateau. The ORR followed the mechanism in alkaline media and the currents increased 

until reaching its limiting current.  Even though 4-electron exchange reaction can be 
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realized, the loss in voltage cannot be recovered. Similar ORR trends were found in 5% 

Pt/CNTs, implying reaction underwent similar pathway. 

The cell performance was measured and shown in Figure 3-3. A U shape 

relationship was found between current density and pH through the potential window. In 

most cases, the current density first decreased with increasing pH from 0 to ~3, reaching 

a relative flat plateau until pH ~12, then increased afterwards. In Figure 3-2 at low pH 

value electrolyte, e.g. pH=1, the overall reaction has already reached the limiting current 

region that was dominated by dissolved oxygen concentration, while the rest are still 

under mixed region of ORR/HER for weak acidic electrolyte or under kinetic region for 

basic electrolyte. This trend agrees with the finding in Figure 3-3 that at 0V half cell 

potential decreased with increase of pH value.  

Cell voltage increased after surpassing pH=12. The rise in current density is due to 

the sharp decrease in overpotential required for O2/O2
·-,[49] which is regarded as the very 

first step in ORR and its potential is independent of pH. The working electrode potential 

decreases by about 0.83 V on the basis of the Nernst equation in increasing pH from 0 to 

14. The change in electrode potential is likely to have significant consequences on the 

energetics of adsorption of reactants, intermediates and products.[50] At high pHs, water 

molecules not only act as a solvent but also serve as the source of protons required in 

ORR. It was reported over all the pH range and the entire current density region, and 

kinetic studies showed that the reaction order of the rate determining step with respect to 

H+ and OH- is 3/2 and -1/2 at low current densities, respectively, and 1 and 0 at the high 
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current density region [51]. The trend of current density rise became more obvious when 

operation potential is increase. 

In order to find the relationship between the pH value and cell operational potential 

at the discharging current density of 1 mA/cm2, a series of catholytes with different pH 

values varying from 0 to 14, were investigated by measuring the cell OCVs and 

discharging cell potentials. The results are presented in Figure 3-4. 

It can be seen that the OCV of the battery decreases gradually when increasing the 

pH value from strong acid to weak basic solution, and then stabilizes after pH=12. In 

high acidity solutions, OCV was maintained at 4.09 V when the sulfuric acid 

concentration  was ≥1.0 M then gradually decreased to 4.02 V at pH=0 and to 3.83 V 

at pH=2.7 suddenly (sulfuric acid concentration drops from 0.5 M to 0.001 M), it then 

decreased to 3.61 V at pH=9. According to the Nernst equation,  

2
ln( )O H

RT
E E a a

nF


        (3-10) 

the potential of the ORR in acidic electrolyte is related to its proton concentration. Higher 

proton concentration would yield higher thermodynamic potential. This is the main 

reason to cause the OCV drops when the pH increases. When the sulfuric acid 

concentration is relatively low or in weak alkaline solutions, the ORR switches quickly 

from the acidic to alkaline mode and the OCV continuously drops. When the OH- 

concentration is high enough (pH > 12), the cell OCV maintains at the same level of 

about 3.30 V. 
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The relationship of cell potential and pH when the battery was discharged at 1 

mA/cm2 is similar to that of in OCVs. It was found that the cell potential decreased 

quickly and stabilized at ~3.16 V before reaching pH=1.7. The H+ concentration drops 

dramatically from 10 M to 0.1 M when increasing pH value from -1 to 1. As discussed 

above for the case in OCV trends, the H+ and O2 activities dominates the cell voltage; the 

initial voltage drop may come from proton concentration polarization. Increasing pH 

from 2 to 3, the cell voltage dropped steeply from ~3.16 V to 2.75 V in the contrast to the 

less obvious change in OCV. From Table 2, the number of exchanged electrons of ORR 

falls into the range of 1.76 to 2.64 when pH is between 2 and 3, which is indicative of 

that the ORR no longer follows the 4-electron transfer mechanism and more overpotential 

is needed to sustain the same discharging rate. This observation agrees with the findings 

in Figure 3-2, i.e., larger potential is needed to maintain certain current density. 

The cell voltage profile in the intermediate pHs range at 3-12 became flat and 

maintained at a relatively low value, ca. 2.65 V. The low battery voltage indicates that 

the HyLAB operated under a low efficiency in ORR at a discharging current density of 1 

mA/cm2. This situation in weak alkaline electrolytes (pH from 8 to 10) is more critical. 

The fast change in ORR pathway and mechanism at this pH range was related to the 

quick change in the local environment near the cathode due to shortage of protons or 

hydroxyl ions. When the pH is larger than 13, the cell potential climbs slowly to 2.78 V. 

This agrees well with the argument from He et al. [45] for operating an alkaline 

electrolyte Li-air battery. The plot for a battery discharging at 1 mA/cm2 is also in a U 
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shape. 

3.4 Conclusions 

The catholyte pH influence was studied on the cell performance to discern 

discharging performance throughout the entire pH range for a HyLAB. The results 

demonstrate that most of the overpotential of such a HyLAB is from the cathode side. 

The U shape relationship between cell voltage and pH was found in both half cell and full 

HyLAB cell. It showed that the electrolytes with intermediate pH from 3-10 are less 

efficient than the ones of strong acidity and acidity. When a HyLAB discharges initially 

from a highly acidic electrolyte, there is a turning point for the battery performance 

where it drops steeply at the catholyte pH ~ 3, after which cell voltage remains at a 

relatively stable value. The results implied that it is desirable to start the HyLAB with a 

highly concentrated acid, with abundant protons available to keep cell running at high 

voltage throughout the entire discharge process.  

3.5 Acknowledgment 

Partial financial supports by the U.S. Department of Energy ARPA-E grant 

DEAR0000066 and University of Missouri-Columbia are gratefully acknowledged. 

 

 

 



30 
 

Table 3-2. Number of exchanged electrons of ORR under applied potential of 0.2 V vs. 
Ag/AgCl at different pH 
 
 

 pH Number of electrons 

exchanged 

1.0 3.89 

2.7 2.64 

3.0 1.76 

4.0 0.44 

 

  



31 
 

 

 

Figure 3-1 Diagram of self-made Teflon three-electrode cell for testing the air 

cathode 
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Figure 3-2. Polarization curves for ORR on (A) 20% Pt/C and (B) 5% Pt/CNT in 

oxygen saturated electrolytes with various pH values (adjusted by H2SO4/Li2SO4 or 

LiOH based electrolytes with total 1 M Li ions)  

  



33 
 

 

 

Figure 3-3. Current density (mA/cm2) change under different pH value.   
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Figure 3-4. HyLAB test under catholytes with different pHs at open circuit voltage 

(OCV) and 1 mA/cm2 discharging current density. 
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CHAPTER 4.   LITHIATED NAFION® COATED LITHIUM 

ION CONDUCTING GLASS CERAMIC FOR 

AQUEOUS LI-AIR BATTERIES 

 

4.1 Introduction 

The LAB is a promising future generation of environmentally sustainable power 

source because it possesses the highest theoretical gravimetric energy density among the 

possible electrochemical power sources.[12, 13] Many attractive results for the Li-air 

battery were obtained under the pure or dry oxygen/nitrogen mixture gases with the 

employment of non-aqueous catholytes.[52-55] However, with non-aqueous electrolytes 

it is very difficult to avoid unwanted reaction products, such as water and carbon dioxide 

in the air electrode. Thus, any non-aqueous electrolytes would be inevitably contaminated, 

affecting the stability of the metallic lithium anode if without any protection. In addition, 

it is only practical to use air in electric vehicles.  

In order to overcome the problems, a special lithium anode protected by a water 

impermeable lithium ion conducting glass ceramic (LiCGC) membrane was proposed [56, 

57], which exhibited good charge/discharge performance under aqueous catholytes.[14, 

15, 17, 31] This protected Li anode can durably operate in ambient environment, with 

non-aqueous and aqueous electrolytes separated by the LiCGC.[14, 15, 17, 18, 31, 33, 58] 

Yet, one problem of introducing the LiCGC is its instability in strong alkaline and acidic 

solutions. Researchers tried to use weak acids or modified the battery structure to make 
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the Li-air battery operated in a longer life.[14, 59, 60] Those adjustments, however, lead 

to low discharge efficiency or increased weight of the whole battery system, hindering 

further improvements in the energy density of the battery. 

Modifications of the LiCGC membrane surface is a way to improve its durability 

when strong acids are used for increased energy density of Li-air batteries. Our strategy is 

to coat it with a neutralized lithiated Nafion polymer film. Nafion is stable in strong 

acidic environments, and lithiated Nafion is also conductive to lithium ions. In this work, 

we have made Nafion coatings on LiCGC membranes, together they are used as the solid 

state electrolyte to protect Li anode. Discharge and cycling performance of Li-air cell 

with such coated LiCGC were investigated. 

4.2 Experimental 

The precursor of Nafion coating was LITHion™ (Ion-Power Inc.), which is a neutral 

dispersion containing lithiated Nafion polymer in isopropyl alcohol solvent. The 

dispersion was used to cast Nafion films. The ceramic membranes were LiC-GC® (Ohara 

Inc.). Lithiated Nafion coating was prepared by a doctor-blade technique to control the 

thickness of the coating to as low as several microns. The Nafion thin film was physically 

attached on one side of the ceramic uniformly. The modified ceramic membranes were 

characterized by X-Ray Diffraction (XRD, Philips X-pert Diffractometer) and scanning 

electron microscope (SEM, FEI Quanta 600). 
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Figure 4-1. Scheme of Aqueous catholyte Li-air battery with Nafion modified 

LiCGC 

The aqueous Li-air batteries were assembled by two home-made PTFE chambers, 

shown in Figure 4-1. The above Nafion modified LiCGC was sandwiched between them. 

A Li-air battery with bare LiCGC was also assembled as a reference. The preparation of 

air cathodes and test of Li-air batteries were referred to previous reports.[15, 17] The 

starting catholyte in the study was a pure 1.0 M H2SO4. Electrochemical impedance 

spectroscopy (EIS) of both Li-air batteries were investigated by a Gamry Reference 3000 

electrochemical work station by an open circuit voltage mode (OCV), scanned from 1 

MHz to 1.0 Hz. 

4.3 Results and discussion 

Figure 4-2 presents the cross-section and morphology of the LiCGC coated with 

lithiated Nafion membrane. An overview of the cross-section of this ceramic is shown in 

Figure 4-2(A) and the amplified lithiated Nafion coating is shown in Figure 4-2 (B). It 
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can be seen that the ceramic is 150 μm and the polymer coating is ca. 6 μm. The planar 

surface morphologies of the coating are shown in Figure 4-2 (C) and (D), respectively. It 

can be seen, the Nafion coating is fairly uniform in thickness and basically pin-hole free. 

This is important because if there are any large pin holes existing in the coating, the 

aqueous electrolyte would penetrate it and attack the ceramic membrane directly. 

 

 

Figure 4-2. SEM images of cross-section and surface morphology for Nafion coated 

ceramic 
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The addition of lithiated Nafion coating to the LiCGC membrane would be 

inevitably to increase the lithium ion transfer resistance, although this increase is found to 

be small as the coating thickness is thin. The EIS of the whole battery at open circuit 

voltage are presented in Figure 4-3. As can be seen, there is about 50  difference 

between the original and Nafion-coated ceramic membranes.   

 

Figure 4-3. EIS of Li-air batteries with different LiCGC 

In order to test the durability of the Nafion coatings, coated membrane was 

assembled into a full battery and a long duration discharge was performed. A bare LiCGC 

membrane was also used as a reference. Both batteries were discharged at 0.2 mA/cm2 
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and the battery voltages were recorded. The relationship of the battery voltage along with 

discharge time has been plotted and is presented in Figure 4-4. It can be seen that the 

battery with bare LiCGC has little higher voltages because the battery inner resistance is 

lower, as shown in the beginning 20 hr in Figure 4-4. However this situation changed 

after the batteries were discharged beyond 24 hr. The bare LiCGC membrane has surface 

directly exposed to the sulfuric acid electrolyte and corrosion on its surface occurs, 

lowering its performance. It can be seen that the voltage of the battery with bare LiCGC 

membrane decreased slowly after 24 hours and this tendency accelerated when it was 

discharged in 55 hrs.  

The battery with Nafion coated LiCGC membrane can maintain its performance 

even after 50 hr and its deterioration was much slower. This delayed corrosion is ascribed 

to the protection of the lithiated Nafion during battery discharge because the thin Nafion 

layer only functions as channels for Li ion transfer but blocks the protons in the 

electrolyte to reach ceramic surface. Ion exchange between Li ions and protons in the 

Nafion layer was reduced to a very low rate when the battery is operating because of the 

flux of Li ion under a certain electrochemical potential. Thus, the Nafion coating is 

always lithiated when the battery is in either discharge or recharge. 

Figure 4-5 shows the discharge-charge performance of the batteries. The battery 

with coated LICGC maintained a stabilized operation with relatively lower overpotential. 

However, the one with none-coated (bare) ceramic membrane showed continuous 

deterioration in overpotential. The better performance of the battery with Nafion 
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modified LICGC membrane is attributed to the coating protection of the ceramic 

preventing its corrosion by the sulfuric acid. 

 

Figure 4-4. Long time discharge test of Li-air batteries with Nafion modified and 

pristine LiCGC 
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Figure 4-5. Charge/discharge performance of Li-air battery with Nafion modified 

LiCGC. 

XRD was used to study the Nafion coated LICGC membranes as shown in Figure 

4-6. The XRD patterns displayed no observable changes in crystalline structures for 

before and after battery as compared to the pristine LiCGC membrane. Corrosion to the 

ceramic would cause some new peaks to appear at 2θ of 17.2ºand 23.2º.[15] Since these 

two peaks did not show up even after the ceramic was used for more than 60 hr, it is 

believed the Nafion coating has taken effect in preventing LICGC from corrosion. 
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Figure 4-6. XRD patterns of modified LiCGC 

Another piece of evidence that could verify the effectiveness of the Nafion 

protection is the morphology of the coating after use, which is shown in Figure 4-7 (A). 

The surface of the ceramic with Nafion coating layer was smooth and similar to Figure 

4-1(D). Apparently, the interface between Nafion and LiCGC was not modified during 

the battery operation. However, this Nafion coating is not strongly attached the LICGC 

membrane, since the coating is a physical attachment. When protons get into the interface 

between the Nafion coating and the ceramic membrane, detachment occurs. Presented in 

Figure 4-7 (B) is the ceramic membrane and Nafion coating morphology after the used 

LICGC was immersed in 1.0 M H2SO4 for 12 hours. The interface was destructed 
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because Li ions existing in the Nafion layer were exchanged by protons in the catholyte. 

These protons would hop from one side of the coating to the other, and caused corrosion 

to the interface that detached the coating. This destruction might be avoided if the coating 

is chemically bonded to the LICGC membrane, or separate the catholyte from contacting 

the LICGC membrane after battery operation. A technique is currently under study in our 

lab for making a chemically bonded coating. 

 

 

Figure 4-7. Surface morphology of LiCGC: (A) after long time cycling; (B) contact 

with 1.0 M sulfuric acid for 1 night. 
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