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Alkali metal-O2 batteries (AOB) have emerged as a promising technology for energy storage due

to their large discharge capacity compared to technologies such as lithium-ion batteries. In AOBs,

the discharge process involves the formation of superoxides or peroxides, while charge involves

oxygen evolution from discharge deposits. However, the discharge deposits are electronically in-

sulating, requiring high overpotentials that can cause electrolyte degradation and limit battery cy-

clability. As a consequence, there has been significant interest in understanding battery chemistry

to improve battery performance. Most studies have focused on battery cathodes, however, and

the complexity of such systems makes it difficult to gain fundamental understanding of the sys-

tem. In this work, several experimental frameworks are described to characterize alkali metal-O2

chemistry.

First, an attempt to use field ionization to describe battery chemistry is described. Field

ionization experiments can provide a controlled environment for obtaining fundamental, semi-

quantitative information about reactions such as intermediates, relative rates of formation, and

location of active reaction sties. Other areas of fundamental research that can provide key infor-

mation for AOBs and other technologies related to metal-O2 chemistry are defined. These include

solvation characterization, parasitic chemistry studies, side product charge characterization, and



catalyst exploration. In addition, a series of fundamental experiments are proposed to understand

phenomena such as the initial stages of discharge and charge, electrolyte solvent reactions with

discharge deposits, and spatial distribution of discharge products within discharge deposits. The

concept of key states for battery chemistry characterization is described, where a key state is de-

fined as a region where the charge/discharge curve changes behavior such as plateaus or inflection

points. Finally, several case studies are presented to show the application of key states to describe

battery phenomena such as cell death and transitions between stages of a charge/discharge profile.
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Chapter 1

BACKGROUND

Fossil fuels have been the predominant source of energy for humankind since the 19th century

[1]. In 2017, 80% of the energy consumed in the United States was produced from fossil sources

[2]. Concerns such as a limited supply, increased CO2 concentrations, and global warming have

led to a push for the development of renewable energies. Energy sources such as wind or solar have

become more prominent in recent years. Despite recent developments in renewable energy, several

issues such as an intermittent supply and the need for efficient storage methods remain [3]. Current

storage methods involve heat storage via molten salts, chemical processes such as thermochemical

production of hydrogen, or electrochemical storage [4]. Among these methods, electrochemical

storage has attracted interest both as a direct way to store electricity and as an indirect route for

storage via fuel synthesis.

1.1 Electrochemical Energy Storage

Electrochemical energy storage involves the storage of electricity through the use of electrochem-

ical cells. Electrochemical cells consist of two electrodes: an anode where an oxidation reaction

takes place and a cathode where a reduction reaction takes place. Both electrodes are separated by

an ionically conductive electrolyte where the ionic component of the electrolyte is involved in the

anode and cathode electrochemical reactions. Meanwhile, electrons flow through an external cir-

cuit [5]. Electrochemical cells used for energy storage include batteries and electrolysis cells [3].

In an electrolysis cell, a feedstock is delivered to the cathode side and reduced to produce a fuel

with electrical work provided by an external source such as a wind turbine or photovoltaic panel.

Commonly, the feedstock is water and is reduced to produce H2 and O2. Additional advantages

of electrolysis cells include the possibility of synthesis gas production (a mixture of hydrogen and



2

CO) which can then be used for fuel synthesis via the Fischer-Tropsch process [6], as well as oper-

ation as fuel cells. In fuel cell mode, a fuel is oxidized in the anode and the cell produces electrical

work [4, 7].

An alternative to electrolysis cells is the use of batteries for direct storage of electrical energy.

Currently used battery technologies include lead-acid, Ni-Cd, or Li-ion chemistries [3]. Among

these technologies, Li-ion batteries have attracted significant attention due to improved energy

and power densities. Since their early development and commercialization in the 1990’s, Li-ion

batteries have become ubiquitous and their applications range from portable electronics to electric

vehicles [8]. Current Li-ion batteries consist of a graphite anode, a lithium intercalation cathode

(made of Li-containing ceramics such as LiCoO2), and a liquid electrolyte based on an organic

solvent. The reactions occuring at the anode and cathode are shown as Equations (1.1) and (1.2),

respectively. Any species in solution have the subscript (sol) and M is a metal such as Mn or Co [8].

C6(s)+Li+(sol)+ e−←−→ LiC6(s) (1.1)

LiMO2(s)←−→
1
2

Li+(sol)+
1
2

e−+Li0.5MO2(s) (1.2)

Despite recent improvements, Li-ion batteries do not provide energy and power densities com-

parable to liquid fuels for applications such as electric vehicles [9]. As a consequence, further

research has focused on developing new battery chemistries such as flow batteries, sodium-beta

alumina, or alkali metal-O2 batteries [10]. In contrast to lithium ion batteries, where charge and

discharge occurs via lithium intercalation, the operating principle of an alkali metal-air battery in-

volves the formation and removal of metal oxide deposits on the cathode. In an ideal battery, the

discharge product is either an alkali metal superoxide or a peroxide. During charge, oxygen is

evolved from the discharge deposits. The observed discharged products are heavily dependent on

the nature of the cation, with peroxides dominating in Li-O2 batteries [11] and superoxides in K-O2

batteries [12]. NaO2 and Na2O2 have been reported as discharge products in Na-O2 batteries [13].
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Figure 1.1: Schematic of an alkali metal-O2 battery. The insets shows discharge products from the

desired discharge reactions, such as MOx, as well as a sample product from side reactions, MxCOy.

1.2 Battery architecture and operation overview

Figure 1.1 shows the architecture of an alkali metal-O2 battery. The typical battery uses a metal-

foil anode, a carbon-based cathode, and an electrolyte based on an aprotic solvent. Metal-foil

anodes are typically used in order to achieve higher energy densities. However, the anode can

exhibit side reactions with the electrolyte, and thus, a solid-electrolyte interface (SEI) is needed to

prevent corrosion [14]. Cathodes are prepared by forming carbon slurries and coating them onto a

metal grid or foam via film-casting or by ultrasonic treatment [15]. Meanwhile, typical electrolyte

formulations use aprotic solvents such as glymes or dimethyl sulfoxide (DMSO) with a Li-based

salt such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) [14]. Alternative formulations

include aqueous [16] or solid-state electrolytes [17]. In addition to single electrolyte architectures,

several workers have developed cells with aqueous and aprotic electrolytes separated by a Li-

conductive ceramic in order to prevent water reaction with the anode [17].

The nature of the discharge products for each battery chemistry can be determined using the
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Discharge product n ΔGo
f (kJ/mol) Urev (V)

LiO2 1 -289.66 [18] 3.0 V

Li2O2 2 -570.95 [19] 2.96 V

Li2O 4 -562.10 [19] 2.91 V

NaO2 1 -218.71 [19] 2.27 V

Na2O2 2 -449.63 [19] 2.33 V

KO2 1 -240.59 [19] 2.49 V

Table 1.1: Reversible potentials for the different discharge products

reversible potential, which is the potential at which the net battery current is zero. The reversible

potential,Urev can be determined using Equation 1.3, whereΔGo
f is the standard Gibbs free energy

of formation, n is the number of electrons involved in the reaction, and F is faraday’s constant.

Table 1.1 shows the reversible potentials for several possible discharge products.

Urev =
−ΔGo

f
nF

(1.3)

Typically, battery characterization involves galvanostatic cycling, where a battery is charged

and discharged at constant current for multiple cycles. An example of battery cycling is shown in

Figure 1.2. Plot (a) shows the first 5 charge-discharge cycles of a K-O2 battery with a Na-K liquid

alloy anode. Meanwhile, plot (b) shows the evolution of the charge-discharge profiles throughout

70 cycles. Results show that the batteries have initial charge and discharge overpotentials under

50 mV. As the battery is cycled, the discharge overpotential increases to a value of about 100 mV,

while the charge overpotential increases to about 200 mV. In addition, battery capacity initially

increases, followed by a decrease as the number of cycles increases. Further analysis showed that

this was attributed to electrolyte degradation [20].
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Figure 1.2: Galvanostatic cycling usage for alkali metal-O2 characterization. The upper inset

shows the first 5 charge/discharge cycles of a battery with a Na/K alloy anode, while the lower isnet

shows further charge/discharge cycles for the same battery. Reprinted (adapted) with permission

from [20]. Copyright (2017) American Chemical Society.
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1.2.1 Cathode design

Good cathode designs require a morphology such that discharge products do not clog pores or

block the active surface. The most common cathode material is carbon black. Other carbon ma-

terials such as graphene or graphene oxide have attracted interest due to high activity towards

ORR [21, 22]. In addition to carbon-based cathodes, there has been interest in developing carbon-

free cathodes with materials such as indium-tin oxide (ITO) [23], nanoporous gold [24], titanium

carbide (TiC) [25] or Co3O4 [26]. Such cathodes have advantages such as mitigating electrode

degradation [27], reduction of the charging voltage and enhanced electrical contact with the sub-

strate [24, 26]. A comparison between cathode materials and electrode binders is shown in Table

1.2.

1.3 Electrolyte formulations

Most work on alkali metal-O2 batteries has focused on aprotic organic electrolytes [32]. The use

of such solvents provides several advantages such as increased anode stability via the formation of

a SEI and the absence of dendrite formation. A good electrolyte solvent has to be stable to avoid

degradation at the high potentials during charge, resistant to reaction with oxygen and the cathode,

have a high oxygen solubility, and wet the electrode.

1.3.1 Organic electrolytes

Organic solvents are most commonly used in alkali metal-O2 batteries due to their widespread use

in Li-ion batteries. Several organic solvents have been considered such as acetonitrile (ACN), car-

bonates, ethers, and dimethyl sulfoxide (DMSO) [9, 33]. Carbonates were among the first organic

solvents to be used in both Li- and Na-O2 batteries. However, parasitic reaction products such as

Li2CO3 or Na2CO3 are observed due to poor solvent stability, leading to degradation [33, 34]. As

a consequence, most work has focused on the use of more stable solvents such as ethers, dimethyl

sulfoxide, or acetonitrile [9, 33].

Ethers such as dimethoxyethane (DME) [35,36], polyethylene glycol dimethyl ether (PEGDME),
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Material Advantages Disadvantages

Cathode materials

Carbon black Ease of manufacturing, high

conductivity [28]

Degradation above 3.5 V [28]

ITO High cyclability [23] Poor recyclability and recov-

ery from waste [29]

Nanoporous gold Minimal side reactions, high

capacity retention [24]

Reduced specific energy den-

sity [24]

TiC Light weight, minimal side

reactions [25]

Lower specific capacity and

energy than carbon [25]

Co3O4 Improved electrical contact

with substrate, controllable

morphology, no binder is

needed [26]

Multi-step manufactur-

ing [26]

Binders

Polyvinylidene fluo-

ride (PVDF)

Electrochemically stable,

ease of processability [30]

Reacts with lithium [30]

Polytetra-

fluoroethylene

(PTFE)

Electrochemically stable,

ease of processability [30],

can be used in aqueous

suspensions [31]

Reacts with lithium [30]

Cellulose Environmentally friendly,

low cost [31]

Low solubility in water and

non-aqueous solvents [31]

Table 1.2: Comparison between cathode materials and binders
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or ring ethers such as γ-butyrolactone, tetrahydrofuran, and tetrahydrofuran have been studied for

use in Li-, Na-, and K-O2 batteries [12,13,33]. However, such electrolytes still present degradation

issues when used in Li-O2 batteries [35,36]. Despite these issues, ether solvents such as DME and

TEGDME have become the electrolytes of choice due to the large energy barrier for nucleophilic

attack by O –
2 [37].

Alternatives to ether and carbonate electrolytes, such as ACN, have also been considered for Li-

O2 batteries. ACN has been widely studied as solvent for the oxygen evolution (OER) and oxygen

reduction (ORR) reactions and has shown to be stable towards superoxide parasitic attack [38,39].

However, its use has been limited due to its reactivity towards lithium metal [40] and high volatilty

[41]. A solution to this problem is the use of superconcentrated electrolytes, in which lithium salt

concentrations higher than 3 M are used [42] and improve the electrolyte’s reductive and oxidative

stability, but can decrease conductivity [43]. In addition to ACN, dimethyl sulfoxide (DMSO)

has been considered as a solvent due to an increased solubility of reaction products. However,

DMSO can react with Li2O2 [39, 44] and sodium metal [37]. Another alternative involves the use

of ionic liquids [45]. Ionic liquids have several advantages such as greater electrochemical and

chemical stability, no volatility, and tunability of the battery chemistry by variation of the anion-

cation pairs [41]. Despite these advantages, ionic liquids suffer from low Li salt solubility and poor

Li+ conductivity [41].

1.3.2 Aqueous electrolytes

In contrast to organic electrolytes, aqueous electrolytes provide benefits such as no flammability

and soluble discharge products such as LiOH in alkaline solutions or Li+ in acidic solutions [9,15].

The charge and discharge reactions for acid and basic electrolytes are shown in Equations 1.4

and 1.5, with their reversible potentials [9, 46]. The typical electrolyte is a mixture of LiOH-LiCl

in water, with varying concentrations [9]. Other electrolyte formulations include NH4Cl or nitrate

salts [47,48]. For acidic electrolytes, H2SO4 can be used in the electrolyte, leading to the formation

of Li2SO4 [9].
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2Li(s)+
1
2

O2(g)+H2O(l) −−→←−− 2LiOH(sol) Urev = 3.35V (1.4)

2Li(s)+
1
2

O2(g)+2H +
(aq)

−−→←−− 2Li +
(aq) +H2O(l) Urev = 3.0−3.3V , pH dependent (1.5)

Aqueous electrolytes present several issues. In basic electrolytes, LiOH can precipitate at high

concentrations [15]. The precipitates can block pores in the cathode and thus decrease battery

performance. A solution to this problem involves the inclusion of a discharge product reservoir,

where the discharge product does not form in the cathode and precipitates at the reservoir [16]. In

addition to solubility issues, Li is highly reactive with water [9]. Strategies for anode protection

include artificial SEIs [49] or two-compartment cells, where the anode is contained in an aprotic

electrolyte, the cathode in an aqueous electrolyte, and the separator is Li-conductive [50].

1.3.3 Solid state electrolytes and SEI formation

An alternative to liquid electrolytes is the use of solid state electrolytes. Despite the use of a solid

polymer electrolyte on the first reported aprotic Li-air battery [51], the use of solid electrolytes

has been limited due to their poor Li+ conductivity [9]. Compared to aprotic electrolytes, the most

significant advantage of solid electrolytes is the absence of parasitic reactions between the elec-

trolyte and the cathode [52]. Some examples of solid electrolytes include Li1+xAlxTi2-x(PO4)3 [49]

or polymer-based electrolytes [17]. Polymeric electrolytes are prepared by mixing polymer pow-

der, such as poly(ethylene oxide), with Li-containing salts and casting the mixture in a mem-

brane [53]. However, one limitation of poly(ethylene oxide) is oxidation of the membrane at the

cathode/electrolyte interface [54].

As described previously, alkali metals are coated by a layer known as the SEI after contact with

aprotic solvents. The concept of a SEI was first developed in 1979 and its formation occurs upon

contact of the metal with the electrolyte [55]. The SEI consists of insoluble products formed by

reactions between the electrolyte and metal and behaves as a solid electrolyte with a thickness of
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about 20 nm [56]. Currently, three models have been proposed to explain SEI formation: single

stepwise surface reactions leading to a uniform layer, multiple simultaneous reactions leading to a

mosaic-like layer, and alignment of decomposition products [56]. Due to the presence of multiple

components in the electrolyte, the SEI is complex and includes products such as LiF, lithium esters,

Li2CO3, Li2O, LiF, lithium sulfide, and LiOH [56–58].

1.4 Charge-discharge profiles

Charge-discharge profiles for Li-, Na-, and K-O2 batteries are shown in Figure 1.3. Superoxide

discharge products are observed when sodium and potassium are used, while peroxide discharge

products are observed when lithium and sodium are used. The reasons for such phenomena will be

further discussed in Chapters 2 and 3. The figure categorizes the curves based on the nature of the

discharge product: Li2O2, NaO2, Na2O2 (hydrated or non-hydrated), and KO2. Superoxide-based

chemistries exhibit constant overpotentials during discharge. Meanwhile, the charge overpotential

is constant for most of the charging process, with an exponential increase towards the end of charge.

In both sodium and potassium batteries, the charge overpotential is on the order of 100 mV, with

K-O2 batteries having smaller overpotentials than Na-O2 batteries.

Peroxide-forming batteries exhibit similar behavior as superoxide-forming during discharge.

However, the charge profile exhibits plateaus and ramps in overpotential. The presence of such

ramps and plateaus can be attributed to different stages of peroxide decomposition [59]. In general,

batteries forming peroxide products exhibit larger overpotentials than superoxide forming batteries.

For example, the Na2O2 profile has an overpotential of about 1 V and that the Li2O2 profile has an

overpotential of 1.5 V. Another interesting observation is a change in the charge profile of Na2O2

products due to discharge product hydration. When hydrated products are present, the charge

overpotential is initially small, followed by stepped increases starting around 50% state of charge.

The differences between charge/discharge profiles has caused workers to develop classification

systems. One such attempt classifies profiles based on the overpotential dependence as a function

of charge and coulombic efficiency for charge [60]. This system does not consider the discharge

behavior as all batteries behave in a similar way. Initially, the discharge overpotential is low and
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Figure 1.3: Charge-discharge profiles for different alkali metal-O2 batteries. The Na2O2 ·xH2O

plots show the anhydrous Na2O2 profile as an orange solid line and that of x=2 as a green dashed

line. Adapted from references [14], [13], and [12]
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stays constant throughout discharge. Towards the end, the discharge voltage decreases rapidly,

leading to what is known as cell death. The categories described previously are shown in Figure

1.4 and can be defined as follows [60]:

1. Type 1A: This case involves a 100% coulombic efficiency and overpotentials near zero. The

charging potential is very close to the reversible potential and increases exponentially once

the discharge products are decomponsed

2. Type 1B: This case involves a coulombic efficiency under 100% and overpotentials near

zero. As in Type 1A, the charging potential is very close to the reversible potential and

increases exponentially once all active discharge products are decomposed. Any leftover

discharge products might form due to irreversible reactions or have poor connectivity with

the cathode.

3. Type 1C: This case involves a coulombic efficiency over 100% and overpotentials near zero.

As in Type 1A, the charging potential is very close to the reversible potential and increases

exponentially once all active discharge products are decomposed. The increased coulombic

efficiency can be attributed to the formation of rechargeable products from parasitic reactions

with the electrolyte or cathode material.

4. Type 2: In these scenarios, the overpotential is greater than zero. This indicates sluggish

charge kinetics. which can be caused by multiple reasons that will be described in Chapter

3.

5. Type 3: In these cases, the overpotential is a function of the state of discharge. The over-

potential can increase linearly, as shown by the solid red lines in Figure 1.4, or in steps, as

shown by the dashed red lines in Figure 1.4. The steps can be attributed to the decomposition

of multiple discharge products or incomplete discharge [60]

Using the classification system described above, batteries with superoxide discharge products
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Figure 1.4: Charge-discharge profile categories. The discharge profiles are shown as blue, solid
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[60].

exhibit type 1B charge profiles. Meanwhile, batteries with peroxide (anhydrous and hydrated)

discharge products exhibit either 2C, 3B, or 3C type charge profiles.

1.5 Alkali metal-O2 battery challenges

Despite their technological promise, Li-air batteries suffer from multiple problems such as high

charging overpotentials and poor cyclability. These issues are attributed to the nature of the charg-

ing and discharging reactions [61], as well as ohmic losses in the battery [62, 63]. A typical

charge/discharge profile for a Li-O2 battery is shown in Figure 1.5. The initial cycle is labelled

as 1 and the third and fifth cycles are labelled as 3 and 5, respectively. The open circuit poten-

tial, Urev is 2.9 V, with the charging and discharging potential reaching values of 4.5 V and 2.5 V,

respectively for the initial cycle. The battery capacity for each cycle is determined as the maxi-

mum charge the battery can hold. For example, the capacity is about 550 mAh/gc for the initial

charge-discharge cycle, decreasing to 400 mAh/gc for the third cycle, and reaching a value of 200
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Figure 1.5: Charge-discharge cycle (adapted from McCloskey et al. [61]). The first cycle is shown

as an orange curve and subsequent cycles are shown as blue and green curves, respectively

mAh/gc for the fifth cycle. The discharge overpotential shows a similar trend with an initial value

of 2.75 V, decreasing to a value of 2.2 V in the final cycle. In addition, the charging overpotential

increases from an initial value of 4.5 V in the initial cycle to a value of 5 V in the final cycle. The

conductivity limitations and parasitic reactions described in this Section will be further discussed

in Chapters 2 and 3.
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Chapter 2

DISCHARGE

2.1 Introduction

Alkali metal-O2 chemistry exhibits complex behavior, as the nature of the discharge product is

heavily dependent on the metal cation. In addition, the electrolyte affects what products are ob-

served during discharge. These qualities, coupled with other features such as discharge rate, can be

used to explain experimental observations such as deposit morphology and battery capacity. This

section describes how these phenomena interplay in alkali metal-O2 chemistry. In addition, this

section describes changes that can occur when contaminants such as CO2 and H2O are present.

2.2 Ion solvation and its effects on discharge products

The discharge and charge reaction pathways observed in alkali metal-O2 batteries are shown in

Schemes (2.1) and (2.2), respectively. During discharge, oxygen is reduced at the cathode and

MxOy (where x,y=1,2) deposits are formed, where M is the metal cation. The first step involves

oxygen reduction to superoxide O –
2 . Superoxide is further reduced to peroxide O 2 –

2 either by

disproportionation (involving no charge transfer from the cathode) or by superoxide reduction. A

further reduction step involving the formation of oxide is also possible [33]. Meanwhile, the charg-

ing process involves a single oxidation step where oxygen is evolved directly from the deposit. The

nature of the discharge products is highly dependent on the cation used, with Li2O2 being the dom-

inant product formed in Li-O2 batteries, both NaO2 and Na2O2 beign formed in Na-O2 batteries,

and KO2 being observed in K-O2 batteries.

Most of the original studies to characterize discharge chemistry and reversibility involved the
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O2(g)+M+
(sol)+ e− −−→MO2(s)

2MO2(s) −−→M2O2(s)+O2(g)

MO2(s)+M+
(sol)+ e− −−→M2O2(s)

M2O2(s)+2M+
(sol)+2e− −−→ 2M2O(s)

(2.1)

MO2(s) −−→ O2(g)+M+
(sol)+ e−

M2O2(s) −−→ O2(g)+2M+
(sol)+2e−

M2O(s) −−→
1
2

O2(g)+2M+
(sol)+2e−

(2.2)

use of cyclic voltammetry (CV) [32, 64]. The upper inset of Figure 2.1 shows an application of

voltammetry. The lower plot shows CV for oxygen reduction in Li, Na, and K-containing elec-

trolytes. The separation between the reduction (peaks around -1 V) and oxidation (peaks near 1.5

V) peaks in the three scenarios indicates poor reversibility. In addition, the oxidation peak at pos-

itive voltages have a plateau-like shape, indicating sluggish kinetics [64]. Meanwhile, the upper

left inset shows voltammograms in Li-O2 taken at different sweep rates. At lower sweep rates,

reduction peaks Ep1 and Ep2 are observed. As the sweep rate increases, only one peak is ob-

served. Using this information, Ep1 was attributed to LiO2 formation, while Ep2 was attributed to

electrochemical formation of Li2O2 from LiO2 on the basis that Ep1 occurs closer to the reversible

potential. In addition, only one oxidation plateau is observed, indicating that Li2O2 is directly ox-

idized. If the oxidation process occured in 2 distinct electrochemical steps, then 2 oxidation peaks

would be expected [64].

The difference in discharge products as a function of solvent can be explained with hard-soft

acid-base (HSAB) theory [32, 64]. HSAB theory dictates that strong acids have a high affinity

for strong bases, while soft acids have strong affinity for soft bases [65]. For example, Li+ and

K+ are Lewis acids (electron pair acceptors), with Li+ being the harder acid due to its smaller

size (Li+ has an ionic radius of 90 pm, while K+ has a radius of 152 pm). Meanwhile, O2 – and
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Figure 2.1: Cyclic voltammetry use for alkali metal-O2 characterization. The upper inset shows

an application of voltammetry, while the lower inset shows cyclic voltammograms for oxygen

reduction in Li (red), Na (black), and K (blue) containing electrolytes. Reprinted (adapted) with

permission from [64]. Copyright (2009) American Chemical Society.
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O 2 –
2 are harder bases than O –

2 . As a consequence, a softer acid (such as K+) will react with a

softer base (such as O –
2 ) and the predominant discharge product in an electrolyte containing K+

will be KO2. This process is shown in Figure 2.2. Initially, a solvated cation is formed by metal

oxidation of the anode, followed by solvation. The solvated cation then forms an adduct with

superoxide formed in the cathode. The stability of this adduct is dependent on the solvent, with

harder basic solvents forming more stable adducts. When a soft basic solvent is used, O –
2 readily

undergoes disporportionation or reduction to form O 2 –
2 . In turn, this leads to the formation of

M2O2. Meanwhile, when a hard solvent is used, MO2 is formed [65].

The basicity of solvents can be assessed using the donor number (DN), with harder bases having

larger DN. The DN is defined as the negative enthalpy of formation (in kcal/mol) of an acid-base

adduct [66]. For example, DMSO is a stronger base than DME and ACN, with DMSO having a

DN of 29.8 while DME and ACN have values of 20 and 14.1, respectively [65]. Solvents with

harder basicity will have bigger affinity to strong acids and will form stable solvation clusters of

about 4 solvent molecules, as shown in inset b) of Figure 2.2 [32]. This will soften the acidity of

Li+ due to enhanced charge screening, allowing it to react with O –
2 . In weakly basic solvents, O –

2

reduction to either O 2 –
2 or O2 – is favored. These observations can explain why Li2O2 and KO2

are the dominant product in Li+ and K+ containing electrolytes [32], as well as the observation of

both NaO2 and Na2O2 in Na+ containing electrolytes. Similar to Li+, the ability of a solvent to

solvate O –
2 is dependant on the acidity of the solvent, which can be described using the acceptor

number (AN) [66]. The acceptor numbers of DMSO, DME, and ACN are 19.3, 10, and 18.9,

respectively [66, 67]. This implies that DMSO and acetonitrile are stronger acids that DME. Table

2.1 shows the properties of several solvents of choice for alkali metal-air batteries.

The nature of the solvation structure is dependent on factors such as the nature of the solvent,

electrolyte concentration, and the degree of salt dissociation [75]. Based on how the cation interacts

with the solvent and anion, three different types of solvation structures can be defined: solvent-

separated ion pairs (SSIP), contact ion pairs (CIP), and aggregates (AGG). In SSIPs, the cation is

solvated by solvent molecules only and segregated from the anion, which is not solvated. In the CIP

and AGG structures, the anion is coordinated to one or more cations and anions are coordinated
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Figure 2.2: HSAB theory in Li-Air battery chemistry. Inset a) shows the formation of a solvated

cation upon via metal oxidation at the anode, with the solvent being represented by purple ovals.

The solvated cation can then form an adduct with a superoxide anion, which originates at the cath-

ode. The reaction pathways for high and low DN solvents is shown in insets b) and c), respectively.
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Solvent DN (kcal/mol) AN ε (25◦C) Discharge products

ACN 14.1 18.9 36.64 Li2O2 [38]

DME 20.0 10.2 7.2 Li2O2 [68], NaO2 [69],

Na2O2 [70], KO2 [12]

DMSO 29.8 19.3 48.0 Li2O2 [24]

TEGDME 16.6 11.7 7.79 Li2O2 [71], NaO2 [72],

Na2O2 [73]

Table 2.1: Commonly used organic electrolyte solvent properties. DN refers to the donor number,

AN refers to the acceptor number, and ε is the dielectric constant. Adapted from [74] and [32]

to one anion in CIP and 2 or more anions in AGG structures, respectively [76]. A depiction

of such structures is shown in Figure 2.3. SSIP structures are the dominant structure at lower

concentrations, while CIP and AGG dominate at higher concentrations.

The nature of the cation solvation can be further affected by the presence of contaminants such

as H2O [78]. In low DN solvents, cations such as Li+ have solvation shells made exclusively of

water. Meanwhile, in high DN solvents, such as DMSO, Li+ will be solvated by both water and

the solvent [79]. H2O solvation by the electrolyte solvent also plays a role in the kinetics of the

O –
2 disproportionation , with decreased kinetics in solvents with stronger H2O solvation such as

DMSO [80].

2.3 Deposit morphology

Since most battery designs involve the use of porous cathodes, aggregation of MxOy species can

clog pores and affect battery performance. Previous experimental work has shown that superoxide

and peroxide products have different discharge product morphologies depending on factors such

as the dishcarge rate and electrolyte solvent [81]. This section describes the general morphology

of the discharge products.
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Figure 2.3: Solvation structures for DME. Inset a) shows a solvent-separated ion pair (SSIP), inset

b) shows a contact ion pair (CIP), and inset c) shows an aggregate (AGG). Adapted from [77].
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In addition to affecting the nature of the discharge product, where peroxides are formed when

harder cations are used in the electrolyte, solvents can also affect the morphology. A general

mechanism for deposit formation is shown in Figure 2.4. Discharge starts when solvated M+

reacts with superoxide to form MO2 on the surface of the cathode. In low DN solvents with hard

cations, the following step involves the formation of M2O2 by either disproportionation or further

reduction. This mechanism is referred to as the surface mechanism in Figure 2.4 and it leads to

deposits forming thin films coating the cathode [67]. Meanwhile, when high DN solvents (such as

DMSO) or weaker cations (such as Na+ and K+) are used, MO2 can be dissoved to yield solvated

O –
2 and M+. After solvation, MO2 can precipitate on M2O2 deposits, where MO2 undergoes

disproportionation to M2O2. This mechanism involving O –
2 is referred as the solution mechanism

in Figure 2.4. The presence of three dimensional discharge deposits has been described using

the solution mechanism [13, 67]. Solution mediated discharge can also be observed in low DN

solvents, such as DME, when the electrolyte salt contains high DN anions such as NO –
3 and

Br– [82]. In addition to solvation, temperature also affects morphology with larger deposits (with

constant aspect ratio) being observed at higher temperature, as well as leading to an increased

number of particles due to the presence of more nucleation sites [83].

Morphology can be characterized using techniques such as scanning electron mciroscopy (SEM)

or transmission electron microscopy (TEM) [84]. Characterization with these techniques is typi-

cally done after cell cycling, limiting understanding of morphological evolution during charge and

discharge [59]. In recent years, in operando techniques have been developed to characterize such

processes [85]. In contrast to conventional characterization techniques where button cells can be

used, special cell designs are needed for in operando techniques [86]. One such example is X-

ray tomography [87]. In tomography experiments, the in operando cell is rotated and a series of

2D x-ray images are used to reconstruct a 3D image. X-ray tomography can be performed with

both conventional and synchrotron x-ray sources. However, synchrotron x-rays allow for better

temporal and spacial resolution [88]. The lower inset of Figure 2.5 shows the size distribution of

NaO2 deposits on a Na-O2 battery. The results show that NaO2 deposit growth exhibits a spatial

gradient across the electrode, with larger particles growing in regions of the electrode closer to the
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Figure 2.4: Discharge via surface and solution pathways. Inset a) shows discharge via the solution

pathway for peroxides and superoxides, while inset b) shows discharge via the surface pathway

for peroxides. The solvent is shown as purple ovals, M+ as a blue circle, and O2 and its reduction

products as two connected red circles.
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Figure 2.5: X-ray tomography experimental data. The lower portion shows NaO2 particle size

distribution in a cathode as a function of position [89].

gas-electrolyte interface. Generally, larger cubic deposits were formed at lower current densities,

with a transition to octahedral and pyramidal morphologies at high current densities [89].

2.3.1 Peroxide-based products

Li2O2 deposits can exhibit a toroidal shape when Li+ and O –
2 are strongly solvated [67]. This

occurs when high DN solvents or anions or anions are used [82]. However, when Li+ and O –
2 are

weakly solvated, the discharge products coat the cathode until discharge stops. This observation

has been attributed to the solution-mediated mechanism described previously in high DN solvents,

while discharge is dominated by reduction in the surface of the cathode in low DN solvents [67].

Meanwhile, Na2O2 deposits typically exhibit amorphous morphologies, with grains forming at low

current densities and films at high current densities [90].

The observed morphology in Li2O2 deposits depends on both the state of charge and discharge

rate [81,91]. The deposits exhibit a spherical shape at low state of discharge and evolve to a toroidal
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shape at higher states of discharge [81, 83, 91, 92]. Figure 2.6 shows a depiction of the toroid

formation mechanism. At the beginning of discharge, Li2O2 platelets form on the cathode. As the

depth of discharge increases, nucleation can occur between platelets, leading to the formation of

toroid-like deposits [91]. Further discharge can lead to the formation of a defect-rich, superoxide-

like shape in the edges of the toroid [93]. At low discharge current densities, nucleation initially

occurs in the cathode and the rate of LiO2 solvation is favored over further reduction to Li2O2,

leading to the formation of toroid-like deposits [94]. An increase in the discharge rate leads to an

increase in the toroid aspect ratio (height/diameter) [94, 95]. For very large discharge rates and

state of charges, the deposits become amorphous aggregates, as Li2O2 nucleation occurs faster

than LiO2 solvation [94].

Superoxide detection in Li-O2 batteries has been possible thanks to Raman spectrocopy. Ra-

man spectroscopy is a technique that uses the inelastic scattering of monochromatic light to detect

molecular vibrations in polarizable species [96]. In this technique, a laser is shined at a sample,

leading to excitation of molecules. After excitation, the molecule relaxes and emits photons. In

Raman spectroscopy, photons with energies higher (Stokes shift) or lower (anti-Stokes shift) than

the laser energy are detected. Since Stokes shifts are more intense, they are typically detected

in Raman spectroscopy [97]. The applicability of Raman is limited to the detection of polarized

species. For example, O –
2 will have a strong Raman signal due to its strong dipole, while O 2 –

2

will have a negligible signal [96]. One advantage of Raman spectroscopy is that it can be used as

an in operando technique with aprotic solvents since it does not require vacuum [98]. In this case,

signals can be very weak and therefore, surface enhanced Raman spectroscopy (SERS) is typically

used [96]. SERS uses an effect where certain substrates can selectively enhance Raman scattering

for materials in close proximity. Such substrates include gold, silver, and copper [97]. Figure 2.7

shows the use of SERS for superoxide detection in different electrolytes as a function of time under

different applied potentials. Spectra show the presence of Li2O2 ( 800 cm– 1), LiO2 ( 1140 cm– 1),

and O –
2 ( 1100 cm– 1). The results show that no LiO2 is detected in high DN electrolytes, indi-

cating the presence of solution-mediated discharge. This is further supported by the presence of

O –
2 peaks at lower overpotentials. Meanwhile, in low DN solvents, LiO2 peaks are observed. The
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a) b)

Figure 2.6: Li-air battery deposit growth. The left side shows the morphological evolution of

a toroid. The right side shows how Li2O2 platelets stack, leading to the formation of toroids.

Adapted from [91].
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lifetime of LiO2 will depend on the DN of the solvent, with lower DN solvents having a smaller

LiO2 lifetime [99].

2.3.2 Superoxide-based products

Superoxide discharge products typically form three-dimensional shapes, with cubes being formed

in Na+ and K+-based chemistries [12, 100]. In contrast, Na2O2 deposits are typically amorphous.

The presence of both NaO2 and Na2O2 can be attributed to thermodynamic and kinetic stability. A

graphical depiction of these phenomena is shown in Figure 2.8. Na2O2 is the stable product at stan-

dard temperature and pressure, while NaO2 is the dominant product at oxygen rich conditions and

low temperatures. The observed NaO2 cubes in multiple battery studies has been attributed to the

kinetic stability of the (100) facet of NaO2 and its very slow disproportionation to Na2O2. Mean-

while, Na2O2 formation in some scenarios can be explained by oxygen diffusion limitations [101].

Similar to what has been observed in superoxides, an increase in the discharge current reduces cube

size due to increased nucleation rate, as well as causing deposition of MO2 as thin films [102]. In

addition, O2 partial pressure can also have an effect on deposit size and morphology. At low PO2,

cubic crystals are observed. Meanwhile, at higher PO2, thick films covering the cathode. These ob-

servations can be attributed to enanced O2 availability on the electrolyte at higher pressures [103].

Morphological effects due to operation pressure can be proved indirectly using electrochemical

techniques such as Electrochemical Impedance Spectroscopy (EIS) [102]. An example of EIS

data is shown in Fig 2.9. The right inset shows an application of EIS for characterization of

Na-O2 batteries. The figure shows the evolution of the ionic and charge transfer resistances, as

well as the cathode capacitance as a function of state of discharge at a single operating pressure.

The plotted parameters were obtained by fitting experimental EIS results to an equivalent circuit

model. For more information about equivalent circuit models, refer to reference [104]. The ionic

resistance within the pores (shown in red) remains essentially constant throughout the charging

process. Meanwhile, the cathode/electrolyte charge transfer resistance (shown in blue) increases

throughout the discharge process, showing a sharper increasing trend at low discharge current

density. This increase can be attributed to the formation of insulating NaO2 discharge products.
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Figure 2.7: SERS spectra for different electrolytes as a function of applied potential [99]. Taken

with permission of the Nature Publishing Group.
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high PO2, while inset b) shows the behavior at low PO2.
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Figure 2.9: Example of EIS use for alkali metal-O2 characterization. The upper left corner shows

experimental EIS data, the upper right corner shows the equivalent circuit used to fit the data, while

the bottom left and right corners show the obtained fit parameters as a function of battery capacity.

Reprinted (adapted) with permission from [103] and [105]. Copyright (2016) and (2018) American

Chemical Society.

This is supported by the initial decrease in capacitance (shown in green). However, the authors not

discuss the reasons for the further increase in capacitance as a function of state of discharge [103].

2.4 CO2 reactions

A signifcant challenge to the deployment of Li-air batteries is the presence of parasitic reactions

with CO2, leading to the formation of Li2CO3. Also, batteries operating with O2:CO2 mixtures

between 30 and 70 % O2 exhibit higher capacities compared to batteries using O2 only [106,107].

This increase in capacity has been attributed to changes in deposit morphology [106]. An additional

challenge when switching from O2 to air involves changes in the discharge reaction pathways.
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Previous work has shown that O –
2 can react with CO2 to form CO –

4 [108], which can further be

reduced to C2O 2 –
6 by CO2 and O –

2 incorporation [109]. In the presence of an alkali metal cation,

this reaction pathway can lead to the formation of solid intermediates such as LiCO4 [110]. This

reactions are shown in Equation (2.3).

O2(g)+CO2(g)+ e− −−→ CO −
4 (sol)

CO −
4 (sol)+Li+(sol)−−→ LiCO4(sol)

CO −
4 (sol)+ e−+CO2(g) −−→ C2O 2−

6 (sol)

(2.3)

The nature of the electrolyte solvent seems to have an effect on the extent of Li2CO3 formation,

with Li2CO3 formation being minimized in solvents with low dielectric constant, such as DME,

due to weaker solvation and favored Li2O2 [110]. Meanwhile, Li2CO3 is formed in high dielectric

constant solvents, such as DMSO [110] In the case of strong solvation, O –
2 preferentially reacts

with CO2 to form CO –
4 [108]. Several reaction pathways for the formation of Li2CO3 have been

proposed involving the formation of intermediates such as LiCO4, C2O 2 –
6 , or reactions between

CO2 and either LiO2 and Li2O2 [110, 111]. A diagram of these pathways is shown in Figure 2.10.

M2CO3 (M=Li, Na, K) formation is not limited to the cathode and can also occur in the anode via

direct reaction between the metal and CO2 [112].

The presence and distribution of Li2CO3 can be detected with techniques such as transmission

x-ray microscopy (TXM). One advantage of TXM is the possibility of obtaining both spatial and

composition distributions [113]. Similar to SEM and TEM, TXM characterization requires removal

of the sample prior to characterization. The upper inset of Figure 2.5 shows the spatial distribution

of Li2CO3, Li2O2, and LiO2 on discharge deposits of a Li-O2 battery. These results show that

the deposits have a surface layer of Li2CO3 of constant thickness with a Li2O2 core. In addition,

Li2O2 toroids can have varying composition of LiO2. Besides toroids, some Li2CO3 deposits were
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Figure 2.11: TXM experimental data. Inset a) shows TXM data from a Li-O2 cathode. Li2CO3

is shown in red, Li2O2 is shown in green, and LiO2 in cyan. Inset b) shows a discharge deposit

formed on a glass fiber separator used to separate the anode from the cathode [113]. Reprinted

(adapted) with permission from [113]. Copyright (2014) American Chemical Society.

detected. Based on these observations, the authors proposed a growth mechanism where LixO2

deposits grow underneath a Li2CO3 shell [113].

2.5 H2O reactions

The presence of H2O leads to complex behavior depending on its concentration [114]. Such be-

havior can be observed as changes in deposit morphology and parasitic reactions. The presence

of H2O in low DN solvents causes the formation of toroid [67] or nest-shaped [115] deposits and

enhanced capacity [114]. These experimental observations have been attributed to improved solva-

tion of LiO2 during discharge, leading to the presence of solution-mediated discharge. In this case,

H2O aids both Li+ and O –
2 solvation due to its high DN and AN [67]. Interestingly, some studies
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have also shown that water is consumed during the charge process [115], as will be described later.

This water consumption has been shown to also aid in charge to some degree [46]. The enhancing

effects of H2O are heavily dependent on concentration, with discharge capacity increasing mono-

tonically as H2O content increases, reaching a saturation point where further increments in H2O

content do not lead to increased discharge capacity [115]. However, H2O is detrimental to the

cyclability of Li-O2 batteries due to anode corrosion [116, 117].

The effect of water on oxygen reduction in aprotic solvents has been widely studied in aprotic

solvents including DMSO and acetonitrile [80, 118–121]. A series of reactions thought to occur

when H2O is present are shown in Equation 2.4. Water has been shown to induce superoxide

disproportionation to form HO ·
2 and OH– [119]. This can be followed by an additional O –

2

disproportionation step, yielding HO –
2 and O2. In addition, HO ·

2 can disproportionate to form

H2O2 and O2. H2O2 can further react to produce OH·, an extremely reactive radical that might

induce electrolyte degradation [115]. The nature of the reaction pathway for water-induced O –
2

disproportionation is pH dependent. In acidic solutions, Reaction 2.9 can also take place. H2O

solvation by the electrolyte solvent also plays a role in the kinetics of the O –
2 disproportionation

reactions described previously, with decreased disproportionation kinetics in solvents with stronger

H2O solvation such as DMSO. Such interactions can block H2O from interacting with peroxides,

thus reducing the availability of H2O protons [80].

O ·−
2 (sol)+H2O(sol) −−⇀↽−− HO ·

2 (sol)+OH−(sol) (2.4)

O ·−
2 (sol)+HO ·

2 (sol)−−→ O2(g)+HO −
2 (sol) (2.5)

2O ·−
2 (sol)+H2O(sol)−−⇀↽−− HO −

2 (sol)+OH−(sol)+O2(g) (2.6)
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2HO ·
2 (sol)−−→ O2(g)+H2O2(sol) (2.7)

O ·−
2 (sol)+H2O2(sol)−−→ HO·

(sol)+OH−(sol)+O2(g) (2.8)

O ·−
2 (sol)+ e−+H+

(sol)−−⇀↽−− HO ·
2 (sol) (2.9)

Most work aimed at understanding the effect of H2O in alkali metal-O2 batteries has focused

on Li. In contrast to what is observed with CO2 side chemistry, H2O can induce side reactions with

the anode [117] and Li2O2, as well as potentially aiding charge via proton attack of Li2O2 [115].

Such studies have shown that the presence of water in the electrolyte leads to the formation of

products such as LiOH, LiOOH, H2O2, and H+ [67, 80, 115, 120–123]. A series of all the possible

reactions involved are shown in Equation 2.10-2.13. The presence of H+ by either addition of acid

or water electrolysis can aid in the charging process by reacting with Li2O2 to produce H2O2 and

Li+ [46]. Further studies have shown that water can also behave as a catalyst when adsorbed in

surfaces. In such a case, water can form LiO2···H2O complexes that can facilitate proton transfer.

The proposed reaction sequence for this phenomenon is shown in Reaction 2.13, where hydrogen

bonds are shown as ··· [124].

Li2O2(s)+H2O(sol) −−⇀↽−− LiOOH(s)+LiOH(s) (2.10)

2H2O(sol)+Li2O2(s) −⇀↽−− 2LiOH(s)+H2O2(sol) (2.11)

O ·−
2 (sol)+ e−+H2O(sol) −−⇀↽−− HO −

2 (sol)+OH−(sol) (2.12)
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LiO2ad···H2O+O2 + e− −−→ LiO2···OH2···O −
2 ad

LiO2···OH2···O −
2 ad + e− −−→ LiO2···O−H2···O −

2 ad

LiO2···O−H2···O2−ad+2Li+ −−→ Li2O2 +LiO2ad···H2O

(2.13)

2.6 Electrolyte reactions

A major challenge towards the commercial development of alkali metal-air batteries is the presence

of electrolyte degradation due to superoxide species that might react with the solvent. Poor super-

oxide stability has been observed in most typical alkali metal-O2 battery solvents to some extent.

For example, solvents such as carbonates exhibit significant degradation, while glymes or DMSO

exhibit a decreased extent of degradation. Due to the strong basicity of superoxide, good elec-

trolyte solvents must have a low pKa in order to avoid parasitic reactions with superoxide [41]. In

addition to solvent reactions, several studies have detected the presence of anion reactions. Anions

such as PF –
6 and TFSI degrade forming products such as LiF [125, 126].

Most reactions involving solvent degradation are initiated via superoxide attack of alkyl carbon

sites [127–131], leading to proton or hydrogen abstraction from the solvent molecule. Some classes

of electrolytes, such as lactones and nitriles, can exhibit reactions involving ketone, nitrile, or amide

groups [41, 127]. Typically observed degradation products in carbonate and ether solvents include

Li2CO3, formates (CH3−COO−X), and acetates (CH3−CH2−COO−X), among others [35, 37,

112, 132, 133]. An alternative to prevent superoxide attack involves the usage of ionic liquids.

However, care must be taken as some cation and anion combinations are susceptible to nucleophilic

attack [134, 135]. An alternative for superoxide attack mitigation consists in partial fluorination of

the solvent molecule [127, 136]. Another advantage of electrolyte fluorination include fast oxygen

dissolution kinetics. However, such solvents have poor lithium salt solubility [137].

Degradation products can be detected with techniques such as nuclear magnetic resonance

(NMR) spectroscopy. In NMR, a strong magnetic field (fields between 2 and 20 T are used)

with bursts of radiofrequency radiation is used to induce transitions between energy levels in the
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nucleus. The transitions can only occur at a particular resonance frequency. The resonance fre-

quency will depend on factors such as the chemical environment (how atoms are bonded to each

other) [138]. The field frequency is determined based on the element of interest, typically 1H and
13C [132]. Nuclear magnetic resonance is particularly useful as a method to determine the molec-

ular structure of electrolyte degradation products that form [125, 132], as well as detecting the

presence of solid products such as LiOH via solid state NMR (ssNMR) [139] and for characteriza-

tion of solvation strength [78, 79]. An example of degradation product characterization in an ether

electrolyte using NMR is shown in Figure 2.13. Inset a) shows 1H NMR spectra indicating the

presence of formate (peak 8 ppm) as a degradation product and ether groups (peaks between 3 and

4 ppm). Salt stability can be characterized using 19F, 11B, and 35Cl NMR. Insets b) and c) show 19F

NMR spectra of discharge products for different anions. In all cases, LiF is the main degradation

product. Inset d) shows 11B NMR spectra for several anions. Such spectra show peak broadening

and shifts compared to the pure salts, indicating that decomposition occurs. Finally, inset e) shows
35Cl NMR spectra for LiClO4 electrolytes. Such spectra only show a peak for ClO –

4 , indicating

that this anion is stable in Li-O2 batteries [125].



39

Figure 2.13: NMR usage to characterize electrolyte degradation products for different ether-based

electrolytes. Inset a) shows 1H NMR spectra, inset b) shows 19F NMR spectra for discharge

products in D2O, inset c) shows 19F NMR spectra for pure salts in DMSO, inset d) shows 11B

NMR spectra, and inset e) shows 35F NMR spectra for discharge products in D2O and pure salts in

DMSO. Reprinted (adapted) with permission from [125]. Copyright (2013) American Chemical

Society.
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Chapter 3

CHARGE REACTIONS

3.1 Introduction

The biggest challenge in the commercial development of alkali metal-O2 batteries is reducing

the high charging overpotentials caused by the non-conductive nature of the discharge deposits.

Such high overpotentials hinder performance by causing side reactions that lead to electrode and

electrolyte degradation. The goal of this section is to provide a description of the charging process,

focusing on the phenomena that occur at the different stages of charge, including the effects of

CO2 and H2O. Figure 3.1 shows a schematic of how these stages are defined for both superoxide

and peroxide products. The discussion will start with a description of the electronic properties of

alkali metal superoxides and peroxides, followed by a description of the phenomena occuring at

the different stages of charge. Finally, the use of performance enhancers such as redox mediators

is discussed.

3.2 Electronic characteristics of discharge deposits

Previous work has shown that electron tunneling in Li2O2 is limited to a thickness of about 5

nm. Beyond that thickness, higher overpotentials are needed to drive the OER [140]. The small

magnitude of the tunneling length can be attributed to the insulating nature of Li2O2, which is an

insulator with an electronic bulk conductivity of about 5×10−20 S/cm, while amorphous Li2O2 has

an electronic conductivity of 2×10−16 S/cm [141]. Similar to Li2O2, Na2O2 has a small electronic

conductivity of 1× 10−19 S/cm [142]. A comparison of the conductivites of different discharge

products is shown in Table 3.1.

The dominant defects in both Li2O2 and Na2O2 include hole polarons (holes trapped at an oxy-

gen, leading to superoxide formation) and cation vacancies (absence of a Li+ or Na+ ion), making
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Figure 3.1: Stages of the charging process. The upper plot shows the charge/discharge profile of

a battery where the dominant product is a peroxide, while the bottom plot shows the profile of a

battery where a superoxide is the dominant product. The different stages of the charging process

are marked with ovals, including the relevant sections that discuss each stage. The initial stage of

charge is labelled as 1, the intermediate stage as 2, and the final stage as 3. The directions of charge

and discharge are shown with arrows.
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these peroxide p-type semiconductors. In both Li2O2 and Na2O2, ionic conductivity originates

from the movement of cation vacancies [143–146]. At the equilibrium potential, lithium vacan-

cies (V ·
Li ) exhibit positive charge and can become neutral or negative at applied overpotentials. In

this case, hole transport occurs though repulsive coulombic scattering at these defects [147]. It is

expected that sodium vacancies and holes will exhibit similar behavior; however, previous work

has shown that Na2O2 cation vacancy diffusion occurs at a slower rate compared to what has been

observed in Li2O2 [144, 148]. Electrical conductivity is expected to increase with increasing over-

potential due to increased concentration of charge carriers. For example, overpotentials of 1 V can

lead to conductivity increases of about 10 orders of magnitude [143,148]. In addition, oxygen-rich

Li2O2 surfaces exhibit an electronic conductivity over 10 orders of magnitude higher than that of

the bulk due to low oxygen coordination leading to the formation of holes [149].

Superoxides exhibit enhanced ionic conductivities compared to those of peroxides. For exam-

ple, NaO2 and KO2 have ionic conductivities around 1× 10−9 S/cm [142, 150]. Peroxides and

superoxides exhibit electronic conductivities within the same order of magnitude. In addition to

the differences in ionic conductivity, previous work has found some differences in the nature and

relative amounts of defects present in both peroxide and superoxide discharge products.

NaO2 and KO2 defect chemistry is dominated by superoxide vacancies (V ’
O2 ) and cation in-

terstitials, as well as cation vacancies, making both superoxides n-type conductors. In addition,

the majority charge carriers are electron polarons, which are electrons trapped at an oxygen in

a superoxide site, leading to peroxide formation [142, 150]. Previous work has shown that both

NaO2 and KO2 are ferromagnetic, yet this observation has no effect on the conductivity [151,152].

However, smaller increases in overpotential lead to an enhancement in conductivity. For example,

an overpotential of 0.4 V is needed to increase the conductivity of LiO2 10 orders of magnitude, in

contrast to the 1 V increase required for Li2O2 [145].

3.3 Initial state of charge

The initial charging stage, as shown in Figure 3.1 involves reaction and removal of superoxides

and peroxides [13, 59]. However, the discharge products removed initially will have different
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Product σionic (S/cm) σel (S/cm) Refs.

Li2O2 4 × 10−19 (crys-

talline), 7 × 10−8

(amorphous)

5 × 10−20 (crys-

talline), 5 × 10−9

(amorphous)

[141, 143, 153]

NaO2 1×10−9 1×10−19 [142, 150]

Na2O2 5×10−20 1×10−19 [142]

KO2 1×10−9 N/A [150]

Table 3.1: Conductivites of discharge products from alkali metal-O2 batteries.

properties than those removed in further stages. When Li2O2 is the main discharge product, this

stage will involve the oxidation of amorphous products and small crystallites [59]. This contrasts

with what is observed in batteries where superoxide is the main discharge product. In this case,

a single plateau at low overpotentials is observed [13, 112]. An interesting scenario occurs when

anhydrous Na2O2 ·xH2O is present. At the initial steps of charge, the charge profile resembles that

of a superoxide battery. This plateau has been attributed to decomposition of hydrated Na2O2 [72].

3.3.1 Peroxide charge

The initial stage of charge involves the removal of the most conductive products, such as amor-

phous Li2O2 or O-rich Li2O2 on the surface of deposits [93, 154]. In Li2O2, the charging process

during this stage involves 2 steps: Li+ removal to produce Li2-xO2, followed by another Li removal

step and O2 evolution [59]. These reactions are shown in Equation 3.1. In general, the overpoten-

tials needed to drive the OER in both Li2O2 and Na2O2 are in the range of 0.2-0.6 V (depending

on the surface) [62,148,155]. However, overpotentials as low as 50 mV are needed to form metal-

deficient phases of discharge products [148]. For the Li-O2 system, the proposed rate determining

steps for the ORR and OER involve the formation of LiO2 where LiO2 formation during OER

occurs by delithiation of Li2O2 [63]. It is expected that similar behavior will be observed in the
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formation of Na2O2.

Li2O2(s) −−→ x(Li+(sol)+ e−)+Li2−xO2(s)

Li2−xO2(s) −−→ (2−x)(Li+(sol)+ e−)+O2(g)

(3.1)

The nature of the product removed in the initial stage of discharge will vary depending on

the discharge product morphology. In small crystallites, it is hypothesized that (11̄00) Li2O2 is

removed initially, while O-rich (0001) Li2O2 is removed from toroids via solution-like delithiation

[154]. Such surfaces are thought to have charging overpotentials of 0.15 V and 0.36 V, respectively

[62]. Studies of the morphological evolution of deposits during charge have shown that toroidal

deposits evolve to a disk-like shape due to the removal of amorphous discharge products that form

at the final stages of discharge [59, 93].

3.3.2 Superoxide products

The initial plateau observed in batteries with superoxide discharge products is related to the oxida-

tion of MO2 [13,112]. Similar to what is observed in Li2O2, OER kinetic overpotentials for NaO2

have values in the range of up to 0.2 V [145]. The increased length of the initial charge plateau

compared to that of peroxide can be attributed to enhanced solvation of superoxides compared to

peroxides since charge transfer through MO2 deposits is not needed [148]. MO2 solvation as ion-

ized species (M+ and O –
2 ) is more favorable compared to that of molecular MO2 [148, 156]. In

turn, this allows OER to proceed via a solution-mediated pathway shown in Equation 3.2.

MO2(s) −−→M+
(sol)+O −

2 (sol)

O −
2 (sol)−−→ O2(g)+ e−

(3.2)
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3.4 Intermediate state of charge

The intermediate stage of charge involves the removal of bulk discharge products [154]. At this

stage, deposit conductivity starts to play a role in the discharge process [93]. In addition, electrolyte

and cathode degradation reactions start to occur [27].

3.4.1 Peroxide products

This stage involves the oxidation of crystalline peroxide deposits [93, 154]. As explained previ-

ously, the kinetic overpotentials for delithiation are in the order of 0.2-0.6 V. However, limitations

in the conductivity require larger overpotentials to overcome the charge transfer barrier [62, 155].

Meanwhile, the intermediate stage during hydrated Na2O2 charge involves the removal of NaOH

formed during the discharge process [72].

3.4.2 Electrolyte and cathode reactions

Overpotential-induced electrolyte degradation starts at potentials around 3.5 V. For example, CO2

evolution in glymes starts at potentials higher than 3.5 V and becomes predominant over 4 V. Also,

the formation of carbonates can occur at potentials above 4.5 V [36]. In addition, previous work

has shown that carbon electrodes exhibit oxidative decomposition at potentials above 3.5 V [27].

Such decomposition proceeds via superoxide attack at defects on sp2 carbon to form carbonate and

epoxy groups, with carbonate formation being reversible upon charging [157]. Density functional

theory studies have shown that defect-free graphene and single walled carbon nanotube surfaces

with no defects are stable due to the high energetic barrier [158]. In addition, the superoxide anion

produced during discharge can react with some binders and lead to the formation of H2O2 [159].

3.5 Final state of charge

This stage involves the oxidation of the last remnants of charge, namely any leftover MxOy deposits

and products from side reactions, including Li2CO3. In addition to having a higher reversible po-

tential (3.82 V vs 2.96 V for Li2O2), Li2CO3 is less conductive than Li2O2, requiring higher
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overpotentials than CO2 for oxidation [160]. Computational work has shown that CO2 incorpora-

tion into an Li2O2 deposit can increase the charge and discharge potentials compared to the kinetic

overpotentials observed in Li-O2 discharge, while also decreasing the reversible potential [161].

Experimental evidence has shown that charging overpotentials are higher compared to those of

batteries using pure O2 [106]. The final state of charge is similar to the initial state of discharge

due to the small amount of discharge products, with the exception of any parasitic products formed

due to degradation of the electrolyte or electrode. Due to the small amount of discharge products

left on the cathode, high driving forces are needed to fully remove discharge deposits.

The origin of degradation products can be proved using techniques such as electrochemical

mass spectrometry (EMS) [60, 136]. In EMS, the gaseous products evolved from an electrochem-

ical cell are detected by mass spectrometry. Typically, the gas outlet is fed directly to the mass

spectrometer for continuous detection. This approach is known as differential EMS (DEMS) and

allows the determination of gas evolution rates. On the other hand, an "integrating" approach sam-

ple samples at discrete times after gas accumulation [162]. A typical cell has three components:

the electrochemical cell, a PTFE membrane interface that separates the electrolyte from vacuum,

and the vacuum system including the mass spectrometer [163]. With regards to gas handling, three

aproaches are used: flowing a carrier gas (He or Ar) continuously to flush the cell and carry reaction

products to the spectrometer, intermittent gas sampling via a closed cell, or continuous detection

without using a carrier gas [85].

Differential EMS has been succesfully used to characterize parasitic reactions, as well as char-

acterizing the nature of discharge products [60, 136]. Rreactions can be studied by tracking the

evolution of species such as CO2 and H2 as a function of state of charge, providing information

of where such reactions can occur in the charging/discharging process [164]. In order to deconvo-

lute CO2 evolution from the cathode and the electrolyte, isotope experiments can be used, where

the electrolyte contains a different carbon isotope than the cathode [28, 165]. Characterization of

discharge products can be performed by tracking oxygen consumption/evolution as a function of

charge capacity. When MO2 and M2O2 are the only discharge products, the expected ratios are

1 and 2 e– /mol O2, respectively [69]. Any deviations from these ratios are indicative of parasitic
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reactions.

An example of DEMS usage for side reaction characterization is shown in Figure 3.2. Inset

a) shows the galvanostatic charge-discharge profile for a Li-O2 battery with a DME-LiTFSI elec-

trolyte and a 13C cathode. Inset b) shows that O2 is evolved throughout the charging process, with

CO2 being evolved at voltages between 4 and 4.5 V. CO2 evolution arised from both the cathode, as

shown by 13CO2 evolution, and the electrolyte. Inset c) shows the isotopic distribution of products

evolved during charge after charging a cell with 18O2. The results show that isotopic scrambling

occurs, with all xCyO2 evolution occurring between 4 and 4.5 V. The presence of scrambling can

be attributed to reactions between the electrolyte and the carbon cathode with Li2O2, leading to the

formation of Li2CO3 [166].

3.5.1 Charge characterization

The observations described in the previous sections have been obtained through the use of tech-

niques such as intermittent titration. Intermittent titration techniques (ITT) such as galvanostatic

(GITT) or potentiostatic (PITT) ITT have been used for characterization of cell kinetics and evo-

lution of cell reversible potentials. Figure 3.3 shows experimental data for both techniques. In

GITT, current pulses of duration τ and magnitude Ipulse are applied. While current is applied, the

potential will increase monotonically. Once current is shut down, the system will reach a new

steady state voltage [167]. GITT can be used to determine the reversible potential of a cell by

measuring the voltage when the system reaches full relaxation after shutting down the current

pulse [110, 168, 169]. GITT can be used to distingiush between products oxidized during charge

due to differences in the reversible potential.

Meanwhile, in PITT, the potential is stepped a magnitude ∆V at set time intervals and the

current response is recorded [170]. Typically, the duration of each voltage step is determined using

a current cutoff, where the voltage is stepped once the cutoff is reached. PITT can be useful for

characterizing changes in the reaction kinetics at different stages of the charging process [171].

For example, experiments on Li-O2 batteries have shown the presence of different stages during

the charges process [154, 172]. Any stages where solid state diffusion occurs within Li2O2 exhibit
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Figure 3.2: DEMS usage for characterization of side reactions. Inset a) shows the galvanostatic

charge-discharge profile for a cell with a 13C cathode. Inset b) shows DEMS spectra for different

species during the charging process and inset c) shows DEMS spectra taken galvanostatic charge

after discharge with 18O2. Reprinted (adapted) with permission from [166]. Copyright (2012)

American Chemical Society.
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profiles where the current increases following a
√

t behavior, as described by the Cottrell equation.

Meanwhile, voltage plateaus related to Li2O2 oxidation will show inflection points in the current

[154, 172].

The upper portion of the figure shows PITT data. Plot a) shows a charging cycle, with the

potential shown in blue and the current shown in red. Three charging stages are identified: stage I,

where the potential increases, stage II, where the voltage is steady, and stage III, where the voltage

increases. Inset b) shows the voltage and current response in Stage I. The current monotonically

decreases after every step, consistent with a diffusion-dominated process. Inset c) shows the current

response in stage II. Initially, the current decreases, reaching a minimum, followed by an increase.

Once a maximum is reached, the current decreases monotonically. The intial decay was attributed

to the formation of defect nuclei within Li2O2, while the increase in currrent was attributed to

nuclei growth. The later decrease in current was attributed to a decrease in Li2O2 content on the

cathode. Li2O2 response exhibited similar behavior than lithium intercalation materials. Inset

d) shows a comparison between the experimental current in stage II and the reported current in

previous work, showing that both systems exhibit similar response [172].

The lower portion of Figure 3.3 shows GITT data. Inset a) shows the response throughout the

charging process. Inset b) shows the voltage response in stage I, where the reversible potential

stays below the reversible potential for Li2O2 oxidation, indicating that the dominant phase is non-

stoichiometric Li2O2 with a lower reversible potential that stoichiometric Li2O2. In addition, the

charging potential increases after every succesive step. Inset c) shows the voltage response during

stage II. In this case, the current increases at every step, followed by a decrease after reaching a

maximum. Inset d) shows the voltage response for stage III. In this stage, the charging potential

stays steady at a value of 3.6 V, with the reversible potential having a value of around 3.4 V [172].

In addition, the charging capacity exceeds the discharge capacity, indicating the presence of side

reactions [173].

In addition to ITT, in operando XRD experiments provide information about the nature of prod-

ucts consumed during charge. In contrast to traditional XRD experiments, special cell designs are

needed. In-operando XRD cells are mounted in an enclosure equipped with an X-ray transparent
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PITT

GITT

Figure 3.3: ITT experimental data for a Li-O2 battery. The upper portion shows PITT data for

10 mV pulses with a current cutoff of 1.3 mA/gC or 50 h duration. Insets a)-c) show current and

voltage data, with voltage shown in blue and current in red. Inset d) shows a comparison between

the observed PITT current in stage II) and previously reported data [173]. The lower portion shows

GITT data. Inset a) shows the overall voltage response for 2 mA/gC current pulses for 4 h, followed

by relaxation for 5 h, while inset b) through d) show the response at the different stages. Reprinted

(adapted) with permission from [173]. Copyright (2012) American Chemical Society.
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window. Experiments can be performed either using a conventional X-ray source [59] or synch-

totron sources [174]. Figure 3.4 shows experimental results from an in-operando XRD experiment

on a Li-O2 cathode. During discharge, the Li2O2 (100) and (101) peak intensities increase in a

linear fashion. During charge, there is a plateau in the intensity of both peaks, followed by a linear

decrease in peak intensity. The initial plateau in diffraction intensity during charge was attributed

presence of non-crystalline phases in the surface of Li2O2 deposits that are removed in the early

stages of charge [59]. In contrast, LiOH deposit evolution during charge and discharge is a continu-

ous nucleation process, where the height:width ratio of the deposits does not change throughout the

process [175]. One limitation of such an experiment is that it does not allow for individual particle

monitoring or for depth profiling. The higher X-ray flux from a synchrotron allows monitoring

the evolution of discharge deposits throughout the electrode, as well as monitoring the growth of

individual deposits. Depth profiling experiments have shown that larger crystallites form closer

to the cathode, while smaller crystallites form away from the cathode. This can be attributed to

O2 diffusion through the electrolyte, as the availability of oxygen will be decreased further from

the air/cathode interface [174]. Meanwhile, individual particle evolution monitoring can be done

with the use of a nanobeam (beam with nanometer spot size). Such experiments have revealed that

Li2O2 oxidation prefentially occurs on the (001) facet, in agreement with previous computational

studies that have shown that this surface has a lower charging overpotential [176].

3.6 Performance enhancers

The high charging overpotentials required for oxidizing discharge deposits have led to significant

research on additives that might aid the charging process. Such additives include OER and ORR

catalysts and redox mediators. Typically, transition metal catalysts are the material of choice. How-

ever, such catalysts not only enhance ORR and OER, but they also promote electrolyte degradation

reactions [68].

Catalysts for OER and ORR have been widely studied for different applications such as fuel

cells and their use has been widely explored as an alternative to reduce overpotentials in Li-air

batteries. Among catalysts, transition metals such as Pt, Pd, Au, or Ru have been used in Li-air
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Figure 3.4: In-operando XRD data for a Li-O2 cell. Insets a) and b) show the time evolution of the

intensity of the (100) and (101) Li2O2 peaks [59]. Reprinted (adapted) with permission from [59].

Copyright (2014) American Chemical Society.
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batteries with some success [177, 178]. Due to the high cost of metal catalysts, nanoparticles (NP)

have been considered as a way to reduce loading and improve activity. In addition to electrolyte

degradation, one issue is that metal catalysts can improve one property of the cathode in detriment

of another. The use of bimetallic NP has been used to combine the advantages of two metals and

improve multiple performance metrics [179].

Besides metals, transition metal compounds have also been studied as catalysts due to lower

cost than transition metals. Some catalysts previously studied include oxides such as Fe2O3,

Co3O4, MnO2, RuO2, or CuO [165, 180]. Other oxides that have attracted interest include transi-

tion metal perovskites that have been used as SOFC cathode materials such as LSCF [181]. The

good performance of such catalysts can be attributed to multiple mechanisms. For example, the

α-MnO2 polymorph can reduce charging overpotential by its ability to incorporate Li+ and O 2 –
2

into the crystal structure [92, 182]. In addition, Co3O4 and aids charge due to improved electron

transfer with Li2O2 [170]. Meanwhile, Fe2O3 improves charging performance due to preferred

Li2O2 growth on the catalyst over the carbon substrate, as well as inducing epitaxial growth of

Li2O2 due to lattice matching between Li2O2 and Fe2O3 [183] Besides oxides, metal carbides

such as Mo2C have shown good performance. The performance of this composite was attributed to

a thermodynamically favorable oxidation of Mo on the surface of the particle, with the oxide layer

being metallic and noncrystalline, facilitating electronic transport [184].

Aside from catalysts, redox mediators have been considered as a way to reduce overpotentials.

The mechanism of operation of redox mediators is shown in Figure 3.5. A redox mediator is a

molecule that can be reversibly oxidized or reduced at a potential different than that of Li2O2 [185].

Upon oxidation or reduction, the mediator can act as an electron transfer agent. For example, an

agent used to aid discharge will be reduced on the cathode, diffuse in solution, and then reduce

O2 to Li2O2. In this case, the use of a redox mediators during discharge can promote discharge

via the solution mechanism. Redox mediators used to aid discharge include 2,5-ditertbutyl-1,4-

benzoquinone (DBBQ) [186]. Meanwhile, an agent used to aid charge will be oxidized at the

cathode, diffuse in solution, and then oxidize Li2O2. Some mediators that have been considered

include tetrathiafulvalene (TTF) [187], 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) [188], tris[4-
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(diethylaminophenyl)amine] (TDPA) [189], and LiI [190]. Some redox mediators can have more

than one redox couple, such as TDPA [189] and TFF [187].

As explained previously, redox mediators can aid both discharge and charge. However, a me-

diator that aids charge will be ineffective during discharge and viceversa [185]. When using re-

dox mediators, several considerations are needed. First, the mediator should not induce parasitic

reactions with the electrolyte or the anode. Therefore, the reversible potential must be chosen

carefully [185]. In addition, due to the ionic nature of the redox mediators during use, solvent-

mediator interactions need to be considered and can be used to control the discharge or charge

potential. Namely, the DN and AN of the solvent are important when using mediators for charge

and discharge, respectively [185]. Another issue that can arise is poor connectivity of discharge

deposits when using a mediator for discharge [186]. In such a case, it is also necessary to include

a mediator for the charging process.

In addition to the mediators described previously, H2O might also behave as a charging media-

tor [115]. In contrast to the mediators described previously, H2O is consumed during the reaction.

Further complications exist as H2O can cause side reactions [115]. H+ present in the electrolyte by

either addition of acid or water electrolysis can aid in the charging process by reacting with Li2O2

to produce H2O2 and Li+, as shown in Equation 3.3 [46].

H2O(sol) −−→ 2e−+2H+
(sol)+0.5O2(g)

2H+
(sol)+Li2O2(s) −−→ H2O2(sol)+2Li+(sol)

H2O2(sol) −−→ O2(g)+2e−+2H+
(sol)

(3.3)

An additional mechanism to increase discharge capacity in Li-O2 batteries involves the use of

other cations such as K+. In such a case, the enhanced capacity was attributed to an increase in the

concentration of superoxide in solution, leading to discharge via the solution pathway [191, 192].
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Figure 3.5: Redox mediator mechanism of operation. The upper portion shows the chemical for-

mula of TEMPO and TFF, including their oxidation states. The middle portion of the figure shows

redox mediator operation for discharge, while the lower portion of the figure shows redox media-

tor operation for charge. The neutral mediator state is shown as a cyan circle, the oxidized state is

shown as a red square, and the reduced state is shown as a yellow triangle.
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Chapter 4

STAGE-BY STAGE CHARACTERIZATION OF BATTERY CHEMISTRY

4.1 Introduction

Most studies to characterize alkali metal-O2 chemistry involve the use of batteries, followed by

post-mortem cathode analysis. This characterization is typically done at the end of one or more

discharge-charge cycles; however, some studies have used characterization during partial dis-

charge [93, 102]. A significant issue with such an approach with respect to battery technology in

general is the variability in battery behavior due to different cathode materials and microstructures,

as well as electrolyte formulations. Battery operation involves multiple processes occurring in con-

cert, namely reaction kinetics, mass transport, and conductivity barriers to charge transfer. In order

to better characterize each process, it is necessary to develop strategies that allow separating their

effects. One alternative to study reaction chemistry in isolation involves the use of glassy carbon

electrodes in electrochemical cells using techniques such as cyclic voltammetry [18, 193], rotating

disk electrodes [194], or galvanostatic discharge [140]. However, most of these studies have not

characterized deposit and reaction evolution as the discharge process occurs. In this section, the

concepts of well-defined surface and kinetically relevant states for reaction chemistry characteri-

zation are introduced. The use of such an approach would provide information that would enable

better material design, including cathode microstructure.

4.2 Comaprison with other electrochemical systems

Figure 4.1 shows a comparison between the discharge curves of a Na-O2 battery and polymer elec-

trolyte membrane (PEM) fuel cell polarization curves. Generally, the battery curves has 2 regions:

a constant overpotential region and a steep drop-off in potential towards the end of discharge.

However, as discharge rate increases, the plateau converts to a downward path of progressively
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Figure 4.1: Li-O2 battery discharge and PEM fuel cell polarization curves. The left plot shows a

galvanostatic discharge profile for a Li-O2 battery and the right plot shows a polarization curve for

a PEM fuel cell. Adapted from References [140] and [196].

increasing slope. Meanwhile, the PEM polarization curve has 3 distinctive regions: a polarization

region at high potentials, an ohmic region at intermediate potentials, and a diffusion (mass trans-

fer) region at low potentials. The polarization region is attributed to kinetic barriers for electron

transfer reactions at the electrodes, while the ohmic region occurs due to internal resistance of the

electrolyte, and the mass transfer region occurs due to reagent depletion near the electrode [195].

Upon inspection, there are several similarities between the battery (B) and fuel cell (FC) curves.

. First, both curves have 3 stages that show similar behavior. At low discharge capacity (B), the

steep drop in potential may be due to kinetics limitations associated with initial deposit growth.

For the FC, the steep drop at low current is known to be the result of kinetic limitations. Finally, a

steep drop in potential occurs at high current/capacity. The intermediate regions, which involve an

approximately linear decay in potential arise from conductivity limitations in the growing deposit
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(B) and electrolyte resistance (FC). The steep decay in potential represents either mass transfer

resistance or sudden loss of conductivity in the battery and mass transfer limitations in the fuel

cell. While the regions of the polarization curve are well defined for the fuel cell, they are less so

for the battery. The intent of this analysis to develop the framework for describing battery discharge

and charge characteristics in a manner generally applicable to a range of batter chemistries. Section

4.3 describes a fundamental approach to do such a characterization using WDSS.

4.3 Well-defined surface states

A logical extension of the previous kinetic studies involves characterizing reaction kinetics [154,

172] as a function of Li2O2 surface coverage and deposit size. A similar approach has been used

previously to characterize charge, where cathodes pre-loaded with Li2O2 particles were used as

electrodes [197]. However, these studies used commercial Li2O2, and their morphologies, sizes,

and compositions (crystalline vs. amorphous) did not match those of electrochemically grown

deposits [59, 197]. An alternative to this involves the use of well-defined surface states (WDSS)

where measurements are made of a carbon surface in a well-defined state at a particular point

during the discharge process. Figure 4.2 shows a depiction of the use of WDSS for reaction char-

acterization. The Figure shows 3 surfaces, referred to as A, B, and C, representing different stages

in the discharge process. State A represents a fully charged cathode; state B represents a cathode

where Li2O2 nucleation has started to occur; and state C represents a state of full coverage.

The use of WDSS to characterize alkali metal-O2 battery chemistry is analogous to the use

of single crystals in surface science. Their use provides significant advantages such as ease of

design of in operando experiments and a well-defined surface for characterization of the reactions

occurring during the charge and discharge processes. However, selection of such states can be

complex due to a need to separate surface reaction phenomena. The exceptions are the intial states

of charge and discharge, where the cathode is either completely covered with discharge deposits or

a pristine electrode, respectively.

Typically, battery characterization is performed by galvanostatic discharge/charge cycles, with

the corresponding voltage being recorded as a function of discharge capacity. An alternative in-
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Figure 4.2: Well-defined surface state depiction for discharge. The left portion of the figure shows

3 states: A, B, and C, representing the different stages of discharge. The location of such states in

a discharge curve is shown on the right.
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volves potentiostatic discharge, where voltage is held at a constant value and current is recorded

[154, 197]. The galvanostatic method is useful for simulating a device load on a battery, although

the potential changes throughout the measurement. For a fundamental study, potentiostatic pro-

cesses are advantageous, as the driving force is held to a constant, while the reaction rate changes

throughout the discharge/charge process. This is analogous to what is done in catalysis and surface

science studies. In addition, well-designed traditional electrochemical experiments such as cyclic

voltammetry [18,193] or impedance spectroscopy [140] can be used to obtain fundamental insight.

Such experiments can be completed with the use of in operando techniques such as electrochem-

ical AFM [198] or ambient pressure XPS [199] to further understand morphological evolution, as

well as the chemical nature of species formed. Such experimental considerations are described in

Section 4.5.

4.4 Kintetically relevant states

The WDSS described in Section 4.3 can provide fundamental information about the reactions

occurring in alkali metal-O2 batteries under conditions for which a WDSS cannot be identified.

In batteries, phenomena such as reduced O2 availability due to pore clogging [102], O2 gradients

across the pores of the electrode [89, 103], presence of active regions in the cathode, and non-

uniform particles sizes and distribution require the use of an alternative way to define battery

states. One alternative involves analyzing discharge/charge profiles and characterizing the state

of the cathode whenever there is a change in slope or a plateau. Such states can be referred as

kinetically relevant states (KRS).

Figure 4.5 shows experimental charge/discharge profiles for the categories described in Section

1.4. In all cases, the discharge curves exhibit similar behavior, with a plateau or sloping region

over up to 80% of maximum charge. This is followed by a steep drop in potential and cell death.

Meanwhile, the charge curves are different for each of the 4 types of profiles. For example, profile

1B exhibits 3 regions: a region with a steep increase at the beginning of charge, a moderate slope

region that encompases most of the charge, and a region where the slope increases starting at 80%

of charge. In such a cases, at least one key state will be required for each stage to accurately
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Type 1B Type 2C

Type 3B Type 3C

Figure 4.3: Sample charge/discharge profiles for alkali metal-O2 batteries. The profiles are classi-

fied based on the system described in Section 1.4. Adapted from [12, 61, 70, 72].

describe the phenomena occurring in the battery. Meanwhile, profile 2C has 2 stages: an initial

stage where the potential increases steeply to about 4 V, followed by a plateau that encompasses

the rest of the charging process. In this case, at least 2 states will be needed to describe the system:

one per region.
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Type 1B Type 2C

Type 3B Type 3C

Figure 4.4: First derivative plots for the charge/discharge profiles shown in Figure 4.3.

4.4.1 Determination of KRS

In contrast to WDSS determination, the determination of KRS is straightforward. Figure 4.5 shows

first derivative plots as a function of charge, Q, for the 4 charge/discharge profiles shown in Figure

4.3. Using the first derivative provides a better way to visualize plateaus and adequately identify

regions where the voltage changes rapidly. In addition, other KRS choices include mid-points in

plateaus or any regions where the slope is constant.

Consider case 3B in Figure 4.5, which includes 5 discharge KRS: initial (D1) and final dis-

charge (D5), as well as 3 intermediate regions (D2, D3, and D4). Meanwhile, 7 charge KRS were

identified: initial charge (C1), 2 states at the middle of plateaus (C2 and C6), and 4 additional states

located in transition regions (C3, C4, C5, and C7).
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Figure 4.5: Key state selection for profile 3B in Figure 4.3. The left side shows KRS determination

for the charge process, while the right side shows KRS determination for the discharge process. In

each case, the first derivative of the charge/discharge profile is shown on top, while the measured

voltage is shown at the bottom. The discharge states are labelled as "Dn", where n is the state

number and charge states are labelled as "Cn".
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4.5 Experimental considerations

In operando experiments can be used to determine each WDSS. The initial stage of nucleation

proves particularly challenging due to the small size of Li2O2 deposits. For the initial stage of

discharge, in-situ transmission electron microscopy (TEM) can prove useful to map deposit distri-

bution and growth [200]. Other techniques such as transmission X-ray microscopy [113] or Raman

spectroscopy [96] can prove useful as they provide spatial information about deposit location, as

well as depth profiling. In addition, WDSS can potentially be used to monitor conductivity changes

in deposits via the use of techniques such as electrochemical atomic force microscopy (AFM). Con-

cerning electrochemical experiments, potentiostatictechniques such as PITT [154, 172] could be

coupled with any of the techniques described previously to provide spatial and temporally resolved

information about deposit growth, while relating to the different stages of a charge/discharge curve.

Another important aspect is that the use of WDSS is not limited to using carbon surfaces. For

example, WDSS for Li2O2 can be defined to include toroidal deposit growth and nucleation. Pre-

vious work has shown that toroids grow as laminae of Li2O2 grow and stack-up [91]. Other studies

have shown that water present in the electrolyte leads to the formation of Li2O2 laminae [67]. Ex-

periments to characterize this phenomenon might include growing Li2O2 films and exposing them

to water or electrolyte-anion combinations, followed by characterization of any species adsorbed

on the laminae surface. The detection of water or adsorbed anions on the surface might indicate

their role as capping agents directing the growth of Li2O2 [201]. In addition, the presence of

adsorbed water on the surface might enhance charge transfer during charge [202].

In operando techniques can also be used to characterize KRS. For example, X-ray tomogra-

phy can be useful to determine the regions of the cathode where deposit growth is preferred, as

well as changes in morphology and size at the different stages of the cathode. Similar to what

was described in the WDSS experiments, in operando techniques can be coupled with traditional

electrochemical experiments to characterize the time evolution of deposit growth, as well as char-

acterizing the effects of growth conditions (temperature, applied potential, nature of the cathode)

in discharge/charge.
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4.6 What can key and well-defined surface states tell us?

The concepts described previously can be used as a fundamental approach for alkali metal-O2

chemistry characterization. In this section, three case studies focusing on the use of key and well-

defined surface states will be provided, emphasizing the use of techniques and useful information

that can be obtained. Most of the studies described use in operando techniques. However, it is

possible to use ex situ characterization techniques when experiments are well designed.

4.6.1 Initial discharge characterization (first monolayer), nucleation, and deposit growth

Previous studies have attributed differences in initial discharge behavior to the formation of the first

monolayer [172]. After monolayer formation, modeling results have shown that deposit growth

occurs via a nucleation mechanism [203]. In addition, discharge current has an effect on the mech-

anism, where solution nucleation and precipitation occurs at low discharge currents and surface

mediated growth at high discharge currents. There is a small amount of work focusing on funda-

mental insight regarding these processes. A better understanding of nucleation and deposit growth

would allow for improved cathode material choices, enabling better morphological control and

possibly, reduced charge overpotentials.

Previous work on epitaxial film growth and electrodeposition has revealed several growth

mechanisms, shown in Figure 4.6. Near equilibrium, three possible growth modes are possible:

Frank-van der Merwe (FM) growth, Volmer-Weber (VW) growth, and Stranski-Krastanov (SK)

growth [204]. In FM growth, the material grows monolayer by monolayer, leading to a uniform

film. Meanwhile, VW occurs when nuclei form and growth occurs via nucleation. SK involves

both FM and VW growth, where initial growth occurs via a FM mechanism. Once the substrate

is covered with a monolayer, growth proceeds via the VW mechanism. The mechanism of growth

is affected by factors such as the surface free energies of the substrate, overlayer, the interfacial

free energy, and lattice mismatch between the substrate and the overlayer [204]. FM growth can

occur at low deposition rates, when surfactants are present, or overlayer-overlayer interactions are

more favorable than overlayer-substrate interactions [205, 206]. Outside of equilibrium, VW or
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SK

VW
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Figure 4.6: Deposit growth mechanisms. The Frank-van der Merwe mechanism is labelled as FM,

the Volmer-Weber mechanism is labelled as VW, and the Stranski-Kastranof mechanism is labelled

as SK.

SK growth are favored, but it is possible to achieve FM-like growth when a high density of small

nuclei is present [204].

Deposit growth evolution can be characterized in a fundamental way using planar disk elec-

trodes or single crystals. In such experiments, an electrochemical cell can be galvanostatically

discharged, followed by characterization. Conventional characterization techniques can be used,

but in situ techniques such as scanning probe microscopy can prove advantageous as analysis can

be done during the experiments [198, 206, 207]. One key difference between alkali metal-O2 bat-

teries and a traditional epitaxial growth or electrodeposition experiment is the presence of soluble

products, followed by precipitation elsewhere. Experiments can be performed using different elec-

trolytes and substrates, as well as analyzing the effect of electrode surface treatments (ion implan-
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tation, coatings, etc) on the morphological evolution. Such experiments could also provide insight

about the effect of the substrate in solvation, as the adhesion strength of MO2 might provide an

energetic barrier to solvation. In substrates where strong binding occurs, deposits will grow via

a FM mechanism. Meanwhile, in a substrate with weak binding, growth will occur via the VW

mechanism.

4.6.2 Spacial distribution of discharge products within deposits

The use of in operando techniques such as X-ray diffraction [59] and X-ray tomography [87] has

enabled workers to understand the nature of products removed during the different stages of charge,

as well as monitoring the morphological evolution of deposits during discharge. In addition, the use

of techniques such as transmission x-ray microscopy has provided information about the chemical

identity and distribution of compounds within discharge deposits [113]. However, the information

known about the evolution of discharge products throughout battery cycling is limited. This section

will describe the use of WDSS and KRS to characterize such phenomena.

Well-defined surface states can be used to obtain chemical information via in operando tech-

niques such as ambient pressure XPS [173, 199]. In such an experiment, deposits would be grown

on the pristine electrode surface (the WDSS) and characterization would occur at set intervals. The

experimental information obtained in such experiments could supplement previous SERS exper-

iments that have probed the lifetime of superoxide discharge products, with the added benefit of

providing spatial resolution. In addition, conductive AFM might be used to obtain local conduc-

tivity maps of discharge deposits in Li-O2 batteries [208]. Due to the differences in conductivity

between amorphous and crystalline deposits, amorphous deposits will exhibit a higher electro-

chemical response than crystalline deposits. By monitoring how the response changes as a function

of discharge/charge, it might me possible to obtain spatiotemporal information about the evolution

of the crystalline nature of discharge deposits.

Chemical information about discharge deposits, obtained at KRS on the discharge curve, can

be obtained using transmission x-ray microscopy. Previous studies have done similar character-

ization using an ex situ approach, however these studies focused on characterization at the end
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of discharge [113]. In addition, deposit conductivity evolution as a function of discharge capac-

ity can be measured using conductive AFM. In such an experiment, discharge deposits could be

grown in carbon nanotube electrodes, followed by cathode removal, and discharge deposit char-

acterization. A similar approach has been used for in situ TEM, where carbon nanotubes were

discharged, followed by construction of a solid state battery with a nanotube from the discharged

cathode embedded between two electrodes: a Li-conductive Si nanowire and a gold substrate.

Charge characterization was then performed at an applied bias, with the Li-conductive electrode

being in contact with discharge deposits [209]. An AFM in situ version of this experiment would

involve discharging a carbon nanotube cathode, followed by construction of an electrochemical

cell using a nanotube from the discharge cathode. In contrast to the solid state battery used in the

TEM experiment described previously, the AFM experiment can be performed in the presence of

a liquid electrolyte.

4.6.3 Plateaus and inflection points during charge

Previous studies have shown that discharge behavior for Li-, Na-, and K-O2 batteries is fairly uni-

form: an initial drop of overpotential is folllowed by a plateau that lasts throughout the discharge

process, followed by a steep drop in potential. In contrast, charging behavior is more complex,

with charging profiles exhibiting a series of plateaus, ramps, and exponential increases [60]. Pre-

vious studies have connected the shapes of charging profiles to the presence of certain discharge

products in Na-O2 batteries [13]. In addition, the presence of plateaus and stages has been related

to the oxidation of different discharge products [13, 154]. Despite the significance of these phe-

nomena, few fundamental studies have attempted to address these issues. This section describes a

framework that could be used to obtain further insight about the processes occuring during charge.

Well-defined surface states can be used to characterize the different stages of charge using

a combination of conductive AFM and isotope alternation experiments. In isotope alternation

experiments, discharge is first done up to the WDSS of a monolayer (or the equivalent amount)

with one isotope. After current is set to zero, the electrolyte is purged from oxygen, followed by

isotope switch and continuation of discharge. A schematic of this experiment is shown in Figure
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Figure 4.7: Schematic of isotope alternation experiments. The solid, red curve shows the applied

current to the cell as a function of time. Meanwhile, the isotope used in each part of the discharge

process is shown as a label below each step.

4.7. In between isotope transitions, in operando experiments can be performed to determine the

nature of the products formed on the surface. At the end of the experiment, the electrolyte is purged

again prior to charge. During charge, DEMS can be used to monitor isotope evolution and connect

the different regions of charge to the products detected during charge. In addition to using flat

electrodes, such experiments can be performed with porous electrodes using a key state approach.
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Chapter 5

THEORY OF FIELD EMISSION

The phenomenon of field emission has been known since the 18th century. However, it was not

properly understood until the early 20th century [210]. The development of field emission theory

enabled its usage for different applications such as studying surface chemistry through the use of

field emitter tips, which are sharp needles or whiskers with hemispherical apexes having a radii of

a few hundred Angstroms. The use of emitter tips provides the advantage of achieving high electric

fields (on the order of several V/Å) with voltages on the order of a few kV, making them ideal for

reproducing electrode/electrolyte interfaces [211]. Emitter tips are commonly made with metals

(such as Pt or W) or semiconductors since such materials can sustain the high voltages needed

for field emission. High purity materials with ordered crystalline structures are preferred since tip

failure commonly occurs at grain boundaries [212]. This chapter will provide a description of the

physics occurring during field emission and ionization, techniques used to study surface chemistry

with field emitter tips, and examples of the application of such techniques.

5.1 Field emission

Field emission is the emission of electrons by materials under the application of an electric field

[210]. Surface electric fields can be generated in an emitter tip by applying a potential. The surface

electric field in the tip can be described by Equation (5.1), where Eapp is the applied electric field,

V is the applied potential, k is a shape factor (5 for a hemispherical tip), and r is the radius of the

tip [213]. A schematic of a tip is shown in Figure 5.1.

Eapp =
V
kr

(5.1)

The existence of field emission was first proposed by Fowler and Nordheim in 1928 [214]
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Figure 5.1: Schematic of a field emitter tip. Inset a) shows a schematic of a field emiter tip with the

tip radius labeled as r. Inset b) shows a FEM image of a Pt tip. Areas with a lower work function

can be seen as brighter spots.

and the first field emission microscope (FEM) was developed by Müller in 1936 [215, 216]. The

principle of operation of the FEM involves modifying the barrier for electron emission to vacuum.

The barrier for emission for electrons in the Fermi level (EF ) to vacuum is known as the work

function (φ ). Typical φ values for metals are around 5 eV. Figure 5.2 shows the barrier as a

function of position. Under no applied field, the barrier can be represented as shown in inset a of

Figure 5.2. However, when an electric field is applied, the barrier is bent as shown in inset b of

Figure 5.2, allowing electron tunneling.

Crystal facets within the same material have different work functions, making it possible to

obtain an image of the tip. In a FEM image, areas with a lower work function are shown as

brighter spots. A FEM image is shown in inset b) of Figure 5.1.

5.1.1 Fowler-Nordheim equation

Field emission of electrons can be described using the model proposed by Fowler and Nordheim in

1928 [214]. The Fowler-Nordheim (FN) model was proposed as a way to simplify previous work
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Figure 5.2: Depiction of field emission barriers. The x-axis of both plots represents the distance

from the surface, while the y-axis represents electron energy. Inset a) shows the energy diagram

under no applied field, while inset b) shows the diagram under an applied field. Under such a field,

the work function decreases from a value of φ0 to φ . Adapted from Tsong [216].
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done in thermionic (thermally induced) emission and as a way to develop an independent model

for field emission. The FN equation is the solution of Schrödinger’s equation using Sommerfeld’s

electron theory of metals. The equation is solved for a rounded triangular barrier, similar to that

shown in Figure 5.2. From this result, the tunneling probability can be calculated [214]. The FN

predicted that field emission would be sensible for fields around 0.1 V/Å and becomes significant

at fields around 1 V/Å (for reference, Pt can be imaged using FEM at fields around 0.43 V/Å).

Unification of thermionic and field emission models was developed by Murphy in 1956 through a

definite integral that is a function of temperature, electric field, and work function. The integral can

then be evaluated to yield expressions for thermionic emission (high temperature and low field),

field emission (high field and low temperature), and a narrow intermediate region. Murphy’s model

features the use of a more accurate electron potential and the use of the Wentzel-Kramers-Brillouin

(WKB) approximation [217]. In addition to the use of the WKB approximation, the following

assumptions are made [212]:

• Metal with free electron band surface

• Electrons in thermodynamic equilibrium and obeying Fermi-Dirac statistics

• Metal at zero temperature

• Smooth, flat surface

• Uniform local work function independent of electric field

• Uniform electric field above the emitting surface

• Applicability of a classical image potential between electrons and the surface

Murphy’s form of the FN equation at low temperatures is given by Equation 5.2

I =
αE2

φ
exp(−βφ

3
2

E
) (5.2)
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where E is the applied field, α and β are constants, and I is the field emission current. The FN

equation is useful to determine experimental changes in φ caused by the adsorption of species in

the surface. Introducing Equation 5.1 into Equation 5.2 yields

I =
CV 2

φ
exp(−Dφ

3
2

V
) (5.3)

where C and D are constants. Equation 5.3 can be rearranged to yield

ln
I

V 2 = ln
C
φ
+

Dφ
3
2

V
(5.4)

From Equation 5.4, changes in work function can be determined experimentally using the slope

and y-intercept of a ln I/V 2-1/V plot. If φ for the pristine material is known, the ratio between

both slopes (pristine and adsorbed) can be used to determine the change in φ .

5.2 Field ionization and desorption

In contrast to field emission, field ionization occurs when adsorbed molecules become ionized due

to electrons tunneling from the adsorbate into the metal. At moderate electric fields, molecules in

the gas phase become attracted to the metal by dipole forces. These gas phase molecules become

field adosrbed into the metal at the more protuding positions. After adsoprtion, the adsorbates hop

along the tip and may become ionized by electron tunneling into the metal (in positive fields) or

from the metal (in negative fields). When ionization occurs, the adsorbate is accelerated towards

the detector [216]. This process is depicted in inset a) of Figure 5.3. The potential energy diagrams

illustrating field ionization under positive fields are shown in Figure 5.3. When no electric field is

applied, the energy diagram is shown in inset b. The energy required to remove an electron from

the atom is defined as the ionization potential (IP). When an electric field F is applied, the barrier

is bent as shown in inset c) of Figure 5.3 and electrons can tunnel into the metal.

The presence of tunneling will depend on how close the molecule is to the surface. If the

molecule is too close to the surface, tunneling will not occur since the energy of the highest oc-

cupied orbital will be less that the Fermi level and no empty states will be available for tunnel-
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Figure 5.3: Depiction of field ionization barriers under a positive applied field. Inset a) depicts the

mechanism for field ionization. Tip terrace sites are shown as white circles and step sites are shown

as red circles. Neutral gas molecules are shown as light blue circles, while ionized adsorbates are

depicted as dark purple circles. Insets b) and c) show the potential energy diagrams under the

absence and presence of a field, respectively. The x-axis of both plots represents the distance from

the surface, while the y-axis represents electron energy (adapted from [216]).
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ing [218]. Tunneling can only occur at a distance known as the critical distance, given by Equation

5.5, where e is the charge of an electron.

xcrit =
IP−φ

eE
(5.5)

If the barrier depicted in inset b) of Figure 5.3 is approximated as an equilateral triangle of width

(I− 2
√

e3E), where 2
√

e3E is the Schottky barrier reduction by superposition of the Coulomb

field and applied field, and a base width of ((I− φ)/eE), the maximum tunneling probability is

given by Equation 5.6 [216].

D(xcrit ,E) = exp(−0.683
√

I−7.59F1/2 (I−φ)

E
) (5.6)

5.3 FEM instrumentation

Field emission microscopes are among the simplest instruments for obtaining near-atomic resolu-

tion images of surfaces. The instrumentation for FEM and field ionization microscopes (FIM) is

similar and will be described in this section. A FEM consists of a field emitter tip connected to a

high voltage source and an anode coated with a fluorescent material. In FEM, a negative potential

is applied to a field emitter tip under vacuum and the electrons emitted by the sample travel to the

anode in vacuum. Pressures below 1× 10−9 torr are required for FEM operation in order to re-

duce sample damage by sputtering [215, 219]. Most modern FEM instruments incorporate the use

of microchannel plates (MCPs) to amplify the signal before reaching a fluorescent screen [216].

FEM provides a magnification factor of 105−106. While FEM imaging can easily be done without

MCPs, obtaining FIM images without MCPs can be challenging. Typically, this can be done by

using light imaging gases such as H2 or He and tip voltages in the order of 10 kV [216, 220], pre-

ferrably at cryogenic temperatures. When operating without microchannel plates, liquid hydrogen

is typically used.
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5.4 Field desorption

Field desorption occurs when surface atoms begin to evaporate as ions under an applied electric

field. Two theoretical models have been developed to describe field desorption: the image-hump

model [221] and the charge-exchange model [222]. The charge-exchange model treats field des-

orption as a transition between the atomic state (A+M), where A is the adsorbate and M is the

metal to the ionic state (An+ +Mn – ). Under no applied field, the ionic state (subscript i) will have

a higher energy (Ui) than the atomic state (Ua) by ∑i Ii−nφ . Under an applied field, Ua is slightly

affected while Ui decreases significantly. For strong enough fields, Ua = Ui at xcrit . For distances

larger than xcrit , the ionic state will have lower energy, an atom can make an electronic transition to

this state, and then be accelerated away from the surface [216]. The potential energy diagrams for

this process are shown in insets a) and b) of Figure 5.4. Meanwhile, the image-hump model treats

field evaporation as a thermal process where a metal ion of charge n+ has to overcome a barrier

known as the Schottky saddle, where the barrier is a superposition of the applied field potential

(U f ield =−neEx) and the image potential (Uim =−(ne)2/4x). In this case, the critical distance is

given as xs. The energy barrier is given by Equation 5.7, where Qn is the barrier under an applied

potential field, n is the charge of the ion, Q0 is the barrier under no applied field, Λ is the heat of

evaporation, and Ii is the ionization potential for the ith ionization step.

Qn(E) = Q0− (ne)3/2E1/2 = Λ+∑
i

Ii−nφ (5.7)

Under no applied field, the energy of the ionic state is given as Q0−Uim and it is not defined for

intermediate distances. When a field is applied, the barrier for the ionic state becomes distorted

and reduced. A depiction of both potential energy diagrams is shown in insets c) and d) of Figure

5.4.

Field desoprtion can be used for detecting reaction products and reaction intermediates. In

addition to adsorbates, surface lattice atoms can desorb under high fields. In this case, the phe-

nomenon is known as field evaporation. Despite the difference in name, both field desoprtion and

evaporation are described by the physical models explained previously [223]. Field evaporation
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Figure 5.4: Energy diagrams for field desorption. Inset a) and b) depict the energy diagrams for

the charge-exchange model, while insets c) and d) show the energy diagram for the image-hump

model. Inset a) shows the curves under no field, while inset b) shows the effect of an applied field.

In inset b), Ha is the heat of adsorption and Q is the activation energy for field desorption. The

x-axis of both plots represents the distance from the surface, while the y-axis represents electron

energy. Inset c) shows the curves under no applied field and inset d) shows the curves under an

applied field. In all cases α0 is the polarizability. Adapted from [222] and [216].
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can be used for several applications such as cleaning field emitters. When a voltage is applied, the

electric field will be higher on rough edges and protusions than on the smooth parts of the emitter

surface, and the rougher parts will be field evaporated. This process can also be performed at low

temperature to remove contaminants [216].

5.4.1 Li Field Desorption Microscope and Li Adsorption

An alternative to the use of an imaging gas involves field desorption of adsorbed Li in the tip as

an imaging medium. In this case, Li is adsorbed at the shank of the tip and then diffuses to the

apex of the tip. The resolution of the image is affected by the amount of Li layers adsorbed on the

tip [224]. An image can be obtained due to differences in the energetics of field desorption based

on the crystal planes on the surface and how adsorbates interact with the tip [225].

5.5 Ion spectrometry

One of the most important applications of field desorption involves studying surface reactions by

applying fields to desorb any adsorbed species via ion spectrometry. In this section, two common

methods of spectrometry and the instrumentation needed will be described: time-of-flight mass

spectrometry (TOF-MS) and single ion detection via electromagnetic fields.

5.5.1 Time-of-flight mass spectrometry

Time-of-flight experiments involve the application of energy pulses seeking to impart all adsorbates

in the surface with constant momentum. The ions then travel towards a detector. Pulses can be

applied through the use of lasers (for heating the sample and desorbing reaction products) or via a

counterelectrode (also known as pulse field desorption or PFD) in close proximity to the tip. The

mass-to-charge ratio can be determined by Equation 5.8 [218].

m
z
= 2eVtip

( t
L

)2
(5.8)
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where m/z is the mass-to-charge ratio, e is the charge of an electron, Vtip is the potential at which

the ion formed, t is the time-of-flight, and L is the flight path length [226]. On PFD experiments,

a series of pulses is used with a time delay between pulses. The time delay allows the reaction

to occur and the reaction products can then be analyzed. Pulse widths on the order of 100 ns are

used for desorption, while time delays between 1 µs and 1 s are used to cause desorption [227].

An increased flight path is preferred since it will increase the time gap between ions, allowing for

improved resolution. This can be achieved by the use of an adjustable length drift tube with the

detector being located at the end of the tube. The adjustable length drift tube allows to adjust the

resolution by modifying the time-of-flight of ions as shown in Equation 5.8.

5.5.2 Single ion detection via electromagnetic fields

In addition to field pulses, an alternative desorption method involves steady changes in the des-

orption field. These changes can be achieved by applying a voltage ramp to a counterelectrode,

analogous to temperature programmed desorption. In addition, single ion detection can be achieved

through the application of perpendicular electric and magnetic fields using a Wien filter [228]. The

fields are selected such that particles of a certain mass travel through the detector without deflec-

tion, while particles with other masses get deflected. A particle of mass m and energy eV0, where e

is the ion charge, will travel through the filter without deflection when the electrical and magnetic

forces are equal. As shown in Equation 5.9, EWien is the magnitude of the applied electric field on

the filter electrodes, B is the applied magnetic field on the filter, and vx is the velocity of the ion

along the x-axis, given in Equation 5.8 as v = L/t [212, 213].

eEWien = evxB (5.9)

Solving for vx in Equation 5.8, substituting into Equation 5.9, and solving for B yields

B = EWien

√
m

2zeVtip
(5.10)
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A Wien filter is shown in Figure 5.5. The length of the filter is given as L f and the length of the

drift tube is given as Ld .

The total force on an ion travelling along the x-axis can be defined as shown in Equation 5.11

and its acceleration is given by Equation 5.12.

Fy = ze(EWien− vB) (5.11)

a =
ze(EWien− vB)

m
(5.12)

the velocity and positions of the ion can be given by Equations 5.13 and 5.14, where v is the

velocity component at the y-axis, v0 is the initial velocity on the y-axis, y0 is the initial position in

the y-axis, and y is the position.

v =
ze(EWien− vB)

m
t + v0 (5.13)

y =
ze(EWien− vB)

2m
t2 + v0t + y0 (5.14)

The position and velocity of the ion at the end of the Wien filter can be determined by taking v0 and

y0 to be zero and introducing t = L f /vx where vx is the x-component of the velocity. This yields

v(L f ) =
ze(EWien− vB)L f

mvx
(5.15)

y(L f ) =
ze(EWien− vB)

2m

(L f

vx

)2
(5.16)

The velocity and position in the y-axis at the end of the drift tube can be given by setting E and

B to zero in Equation 5.14 and substituting v(L f ) = v0 and y(L f ) = y0. The travel time will be

t = Ld/vx and vx can be determined by Equation 5.8.

y(L) = v(L f )t + y(L f ) =
ze(EWien− vB)

mv2
x

(L2
f

2
+L f Ld

)
(5.17)
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Figure 5.5: Schematic of a Wien filter. Inset a) depicts the operation mechanism of a Wien filter.

Ions are accelerated from the tip towards an einzel lens for focusing. The ion beam then travels

towards the filter, where ions of mass m (trajectory shown as a solid line) travel to the detector

(shown as a grey rectangle) without deflection, while ions of mass m+δm are deflected (trajectory

shown as a dashed line). Inset b) shows a cross-sectional diagram of the Wien filter used in this

work. A magnetic field B is applied along the z-axis, while an electric field is applied along the

y-axis. In addition to ion selection, the curved electrodes and magnetic poles provide additional

focusing [228]. Adapted from Pinkerton [213].
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For an ion with kinetic energy equal to the tip potential, vx can be substituted by Equation 5.8 to

yield

y(L) =
1

2V0

(
EWien−

√
2zeVtip

m
B)
(L2

f

2
+L f Ld

)
(5.18)

5.6 Application of field ionization and desorption to study chemical reactions

Field ionization experiments are useful for providing thermodynamic and kinetic information about

catalytic systems [229]. In this section, the application of field ionization will be described using

water ionization on platinum field emitters.

5.6.1 Water ionization

The behavior of water in metals under electric fields has been studied due to its relevance in elec-

trochemical systems, its polar nature, and the multiple forces involved. The electric fields in elec-

trochemical interfaces have a high enough mangitude (on the order of several V/Å) that they can

induce changes in the adsorption energy and orientation, distort molecules, induce ionization, and

significantly affect interfacial chemistry. Among metals, platinum has attracted significant interest

due to its ability to assist spontaneous formation of hydronium ions because of its high electron

affinity. This process is depicted Equation 5.19, where m is the number of molecules present in a

solvation cluster H+(H2O)m [230].

(H2O)m,ads +Hads −−→ H+(H2O)m,ads + e− (5.19)

Ramped field desorption (RFD) experiments have shown that the field required to start ion-

ization is linearly proportional to the thickness of the adsorbed water layer with 2 regimes: a

low thickness regime and a large thickness regime with a larger slope. FIM experiments showed

that thin layer ionization was uniform and randomly distributed, while thick layers showed evenly

spaced ionization hotspots. A graphical representation of these phenomena is shown in Figure 5.6.

In addition, the onset field of ionization is linearly dependent on temperature in agreement with a
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charge-exchange model. Such observations can be attributed to dielectric screening and the ioniza-

tion interface. The electric field distribution in both scenarios presents 2 maxima at the water-tip

and water-vacuum interfaces. In thin layers, the global maximum occurs at the water-vacuum in-

terface and ionization occurs at this interface. Meanwhile, ionization in thick layers occurs at the

water-tip interface [231]. In a thin layer, the potential is uniform within the water layer and de-

creases exponentially in vaccum. For thick layers, the potential profile drops rapidly near the tip

surface, becomes constant in an intermediate region where water can screen the field, and finally

drops exponentially beyond the water-vacuum interface [232].

Mass-selected RFD experiments have shown that solvation clusters of m up to 7 have been

observed at low fields with decreasing size as the electric field is increased. The onset of ionization

for the m-1 cluster occurred at the emission peak for the m size cluster due to kinetic limitations

in the emission of larger clusters caused by solvation effects. Temperature cycling experiments

further showed that the emission process is thermally deactivated due to the observed Arrhenius

dependence of the ion signal [234]. Figure 5.7 shows mass-selected RFD spectra for different water

cluster sizes, as well as temperature cycling spectra. The temperature cycling spectra show a steady

ion signal, followed by a decay as temperature increases. The decay in ion signal does not show an

Arrehnius dependence, indicating that the process is thermally deactivated. In addition, there is a

continuity in the decay of the ion signal from one cluster to another as temperature increases. FIM

experiments at different electric fields revealed the presence of long-lived, self-sustained emis-

sion hotspots at lower desoprtion fields and uniform emission at high fields, supporting a hump

formation mechanism. Dissociative ionization occurs at the water-vacuum interface when proper

solvation can screen the proton charge. After dissociation occurs, the hydroxyl group migrates to-

wards the tip and discharges, while the proton remains until the field is high enough for emission.

As the ion cluster pulls away from the interface, it pulls water molecules towards the charge and

a water hump forms as the ion is emitted. Any remaining water molecules are left in a state that

leads to further emission events [235].



85

a) b)

c)

4 8

E
ap

p
,o

 (
V
/Å

)

t
62

0.2

0.4

0.6

133K

0

E
/E

ap
p

d/r
1050

0.5

1.0
t=5

t=0.5

t=1.47

Io
n
 s

ig
n
al

 (
A
rb

 u
n
it
s)

Eapp

(V/Å)

80K

130K

0.5 10

Onset of ionization

Figure 5.6: RFD experimental results for water ionization in thin and thick ice layers. Inset a)

shows a typical RFD spectra for thin water layers, with an arrow indicating the onset of ionization

(adapted from [231]). Inset b) shows the onset of ionization field dependence as a function of

layer thickness, with arrows pointing to sample FIM images for thin and thick films, respectively

(adapted from [233]). Inset c) shows the electric field distributions for water layers of different

thickness. In all cases, the layer thickness t = tw/r, where tw is the thickness of the water layer in

Å and r is the tip radius (adapted from [232]).
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from [234].
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5.6.2 Water-methanol ionization

Water is rarely present in isolation in relevant electrochemical systems and it is important to un-

derstand how it affects electrochemical reactions. For example, methanol-water coadsorption is

relevant due to interest in methanol fuel cells. A typical water-methanol PFD spectrum is shown

in inset a) Figure 5.8. PFD experiments show the presence of a time delay in the emission of clus-

ters with mass grater than 55 amu (peaks larger than H+(H2O)3). Such experiments also showed

a complex effect on adlayer composition. H+(H2O)n emission increased monotonically for n>2

as a function of increasing H2O, while H+(H2O) exhibited an emission maximum. Meanwhile,

H+(CH3OH)m emission decreased monotonically as the H2O fraction increased. Such dependences

are shown in inset b) of Figure 5.8. Other fragments observed in the experiments include CH +
3 ,

H2CO+, H3CO+, O +
2 , H3O +

2 (attributed to methanol dissocation), and CH3OH+. These observa-

tions were attributed to a two-step mechanism involving cluster growth followed by emission. The

presence or absence of certain peaks is dependent to the relative rates of each step and their depen-

dence on electric field. For example, cluster growth is favored at low fields while direct emission

is preferred at high fields [236].
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Figure 5.8: PFD spectra for water-methanol adlayers. In both figures, the notation [i,j] represents

the number of water (i) or methanol molecules (j) in a given cluster. Meanwhile, the notation

k:l indicates the partial pressure of each species (×10−6 torr), where k is the partial pressure of

water and l is the partial pressure of methanol. Inset a) shows a sample PFD spectrum for a water-

methanol adlayer. Any phenomenon that occurs after the application of the field is depicted as a

hump, while emission of ions formed before pulse application is observed as a sharp peak. The

expected time of filght (TOF) for a given cluster is shown as a dashed line and the actual time of

arrival is shown with an arrow pointing at a given peak. Inset b) shows the water and methanol

cluster distributions as a function of water content in the adlayer. Adapted from [236].
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Chapter 6

EXPERIMENTAL METHODS

6.1 Introduction

The original goal of my research involved characterizing Li-O2 battery reactions using field ion-

ization techniques with a field ionization microscope (FIM). Construction of the FIM used in this

project was completed in 1999. However, the instrument was not in use since 2006 and signifi-

cant upgrades were required. Testing was performed to ensure proper function. However, due to

funding constraints, the project was terminated in June 2018, before full function of the instrument

was achieved. This chapter describes general experimental procedures for operating the FIM, as

well as results for the tests that were completed. In addition, a section describes improvements

that need to be done to the instrument to ensure proper functioning. For more details on operation

procedures and electronic schematics, refer to Appendices A and B.

6.2 Experimental setup and protocols

All experiments were performed in a UHV system equipped with an imaging detector, a Wien

filter, and a TOF spectrometer. A schematic of the system is shown in Figure 6.1 and a detailed

description of the instrument is provided in Section 6.2.2. The chamber was pumped down by a

turbo-molecular pump and a titanium sublimation pump, allowing to reach a base presure of 10−10

torr.

6.2.1 Sample making

Platinum tips were prepared following the beaker method of electropolishing outlined by Scovell

[218] and Tsong [216]. In this method, the tip was dipped in an electrolyte solution and a positive

bias is applied between the tip and a counter electrode. The electrolyte solution consisted of 4:1
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Figure 6.1: Schematic of the UHV chamber. The sample is heated by applying a current through

the heating loop connected to terminals +S and -S. Meanwhile, temperature is monitored using

thermocouple TC. The system allows two operation modes: a spectrometry mode and a microscopy

mode. In spectrometry mode, the tip is directed towards the drift tube. In microscopy mode, the

tip is directed towards the other detector (represented as a gray rectangle).
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Figure 6.2: Schematic of the beaker method of electropolishing. Tip etching occurs at a voltage

VDC, as described in Section 6.2.1.

by weight molten NaNO3:NaCl electrolyte heated to a temperature of 500 ◦C. Electrochemical

etching was performed by applying a positive potential of approximately 2 V DC for up to 30 s. A

schematic of the method is shown in Figure 6.2. Further tip refinement can be achieved by applying

voltage pulses, decreasing the voltage, or increasing the immersion time. Tips with longer tapers

are desired due to reduced blunting. All tips were made using 0.127 mm platinum wire. After

etching, the tips were characterized using both optical and scanning electron microscopy (SEM) to

determine tip sharpness.

An SEM image of a tip is shown in Figure 6.3. Tips with radii on the order of 50 nm can

be achieved using the beaker method. However, care must be taken to avoid curling tips during

etching or characterization.
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Figure 6.3: SEM image of a field emitter tip. Tip etching occurs at a voltage VDC, as described in

Section 6.2.1.
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6.2.2 UHV chamber

The sample and imaging detectors were contained in the UHV chamber. Before introducing the

sample into the chamber, the tip was spot welded to a 0.25 mm diameter platinum wire heating

loop. A 0.08 mm chromel-alumel thermocouple wire was spot welded into the non-polished end of

the sample to allow for temperature measurements. The sample was mounted in a holder containing

a counter electrode plate and a cooling tube. The holder allowed for rotation of the sample to face

the imaging detector or the TOF spectrometer, as shown in Figure 6.1.

The sample temperature was controlled by resistively heating the sample using a power supply

(Agilent 6265) floated to the tip potential. The power supply was contained inside of an isolation

box and controlled remotely through the use of a voltage-to-frequency isolation card system. The

isolation box has 4 isolation channels used to control both the power supply voltage and curent,

temperature acquisition, and emission current acquisition. Each channel consists of 2 cards: a

voltage-to frequency card and a frequency-to voltage card connected via fiber optic cables. A DC

voltage signal is introduced in the voltage-to-frequency channel and converted to a frequency by

a voltage-to-frequency converter (Analog Instruments, AD652BQ). The converters take a voltage

signal ranging from 0 to 10 V and convert it to a pulse train triggered between 0 Hz and a clock

frequency (2 MHz), set by a clock circuit. The resulting pulse train is transmitted to the frequency-

to-voltage card via a fiber optic cable. At the frequency-to-voltage card, a voltage-to-frequency

converter (AD652BQ) is used to convert the pulse train to a voltage. The isolation channel design

requires a card referenced to the tip potential and a card referenced to ground. In the power supply

voltage and current control channels, the frequency-to-voltage card is floated to the tip potential.

Meanwhile, the voltage-to-frequency cards are floated to the tip potential in the temperature and

emission current channels. For more details on the construction of the box, refer to reference [213].

A detailed description of the isolation box and schematics are provided in Appendix A.
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6.2.3 Imaging

Imaging was performed under two operation modes: FEM and FIM. Prior to imaging, the tip was

cleaned by flashing to 500 K, followed by field evaporation of a small amount of Pt to remove

any strongly bound adsorbates, as well as ensuring that the surface is atomically clean and regular.

Changes in the work function upon adsorption were determined using the FEM operation mode

with the procedure outlined in Section 5.1.1 in the Appendix. The imaging detector was placed

4 cm away from the tip. Ions or electrons emitted from the tip were projected onto chevron mi-

crochannel plates (Galileo) and then directed into phosphor screens. The image was then recorded

using a CCD camera, an H.264 encoder (BlackMagic Design), and a computer. Electronic de-

tection of emission from the tip was possible with the use of a capacitively coupled pre-amplifier

(Advanced Research COMBO-100) and rate meter (Ortec 449) .

6.3 Results

6.3.1 Tip imaging

As described previously, the tip was imaged using both FEM and FIM. In FEM, the tip is directed

towards the detector and a negative voltage is applied until an image appears on the detector. A

FEM image of a sample is shown in Figure 6.4.

In addition to FEM, FIM was performed at liquid nitrogen temperatures using Ne as an imaging

gas. A sample FIM image is shown in Figure 6.5. The micrograph shown in inset b) was taken

using a lower voltage in both the MCP and phosphor screen detectors and therefore, it does not

show the same contrast as that shown in inset a). The FIM micrograph shows the presence of

terraces, indicated by arrows in the figure. After flashing the tip, several adsorbates were removed,

as it can be seen by the decrease in emission hotspots. In addition to that, adsorbate surface

diffusion was observed, as shown in inset c) of Figure 6.5. The frame labelled "before" shows an

adsorbate indicated with a blue arrow that hops to a contiguous site, as seen in a frame taken 2 s

after.
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Figure 6.4: FEM image of a Pt field emitter. The crystal facets are labelled in the image.

6.4 Field desorption

Field desorption experiments are performed in both pulsed and continuous field desorption modes.

Before the experiments, the reagents of interest are dosed under zero field conditions, where the

tip and the counter electrode are held at the same potential. The ion beam is then directed to a

single electrostatic lens (einzel lens) for focusing [237], with the lens set to a potential of 0.73

Vtip [213]. The end of the drift tube is equipped with a BVS-1 MCP assembly with a phosphor

screen (Colutron Research). Due to the small magnitude of the electron signal, a capacitively cou-

pled preamplifier-discriminator (Advanced Research COMBO-100 with MF-100PS power supply)

is used. Deetection is done using a rate meter (Ortec 449) for continuous ion detection or a pi-

cosecond time analyzer (Ortec 9308) for pulsing experiments. Three modes of ion detection are

possible: general rate of emission, time-of-flight, or signal integration.

6.4.0.1 Continuous field desorption

Continuous field desorption experiments can be performed using a ramped field desorption (RFD)

procedure. In RFD, the counter electrode voltage is changed at a constant rate (typically 10 V/s)

starting at the tip potential until its value reaches zero. In this case, the pre-amplifier signal is
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Figure 6.5: FIM image of a Pt field emitter taken using Ne (2×10−4 torr) as the imaging gas. Inset

a) shows a FIM micrograph of a tip prior to flashing at 500 K, while inset b) shows a micrograph

after flashing. The atoms or features of interest are indicated by light blue arrows.
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recorded using two rate meters. One rate meter is set to capture the full spectrum, while the other

will be set to a smaller range in order to determine the onset of ionization. A schematic of a RFD

experiment is shown in Figure 6.6.

Mass-selected RFD experiments are performed using a home-made Wien filter. The electric

field is set by applying a symmetric voltage across both electrodes with |V−| = V+, where V− is

the voltage on the negative electrode and V+ is the voltage on the positive electrode, as shown

in Figure 5.5. The magnetic field is provided using an electromagnet placed between two metal

plates. The electric field, B, in Gauss, was calculated using Equation 6.1, where i is the coil current

in Amperes [213].

B = 1414 i (6.1)

Wien filter voltage can be determined using Equation 6.2, where V0 is the applied potential across

the Wien filter electrodes and d is the separation between the electrodes in the filter (12.89 mm).

V0 = 0.141 i d

√
2eVtip

m0
(6.2)

The separation between the clossest masses in a spectrum can be determined using Equation 6.3,

where m is the closest mass to the mass of interest m0.

∆x = 0.1414 i
√

e
2V0

[L2
f

2
+L f Ld

](√ 1
m0
−
√

1
m

)
(6.3)

The filter used in the FIM has a L f value of 101.6 mm and Ld of 600 mm. For such values, Equation

6.3 becomes

∆x = 2046.68
i√
V0

(√ 1
m0
−
√

1
m

)
(6.4)

Note that ∆x and V0 in Equation 6.4 are in mm and kV, respectively. The magnet settings are chosen

by adjusting the magnet current that yields the smallest E0 that provides a ∆x value of at least 9

mm, which corresponds to the detector radius.
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Figure 6.6: Schematic of a RFD experiment. The bottom inset depicts desorption from the tip, ion

beam focusing using an Einzel lens with the corresponding field lines shown as curves connecting

the electrodes, and mass-selection via a Wien filter to achieve detection of the green, medium-sized

circles. The plot shows both the counterelectrode potential (upper inset) and the corresponding ion

signal (lower inset) for the green ions.
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Figure 6.7: Sample high voltage pulse measured at the end of the counterelectrode plate. The

applied pulse has a magintude of -900 V.

6.4.0.2 Pulsed field desorption

PFD experiments are performed by applying voltage pulses at the counter electrode. Following

adsorption, a base field is applied such that no ion signal is produced with such a base field. In

experiments with a positive tip potential, this implies that Vtip>VCE. A train of square pulses is

then applied to the counterelectrode plate. Pulses of up to 6000 V with repetition frequencies

ranging between 10 Hz and 10 kHz can be applied using commercially available pulse generators.

A sample pulse is shown in Figure 6.7.
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Experiments can be performed both using a positive and a negative tip voltage, where negative

pulses are used in the positive tip potential experiments and positive pulses are used in the negative

tip potential experiments. A schematic of a PFD experiment is shown in Figure 6.8.

Due to the low signal intensity, data acquisition is performed in time bins for a certain period

of time per pulse in one pass. Data is collected and added in each bin for multiple passes, typically

ranging between 1000 and 10000 passes. Kinetic information can be obtained by varying the

pulse repetition frequency, experiment temperature and applied base field. A schematic of this

procedure is shown in Figure 6.9. PFD experiments are performed as a function of reaction time tr,

temperature, and applied field Frxn. Relative rates of formation can be obtained by plotting the ion

signal for each species as a function of reaction time. Activation energies can be obtained using an

Arrhenius plot of the ion signal. Finally, changes in the dipole moment and polarizability can be

obtained by plotting activation energy vs reaction field [238]. The activation energy has the form

shown in Equation 6.5, where Q(E) is the field-dependent activation energy, V (xc) is the potential

energy at the critical distance, Ha is the field-free activation barrier, P is the dipole moment, and

α is the polarizability. The ∆ term for both P and α indicates a difference between the initial and

final states, as shown in Figure 5.3.

Q(E) =V (xc)+Ha− (∆P)E− 1
2
(∆α)E2 (6.5)
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Figure 6.8: Schematic of a PFD experiment. The bottom inset shows ions of different masses emit-

ted from the tip travelling towards the detector, shown as red, green, and purple circles. The Einzel

lens is depicted as a set of gray rectangles. The plot shows both the counterelectrode potential

(upper inset) and the ion signal (lower inset) as a function of time. The ion signal plot shows labels

indicating the peaks corresponding to each ion (red, green, or purple, respectively).
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Figure 6.9: PFD data analysis. Inset a) shows the procedure for data acquisition, with the applied

field pulses shown in red and the experimental observations shown as black points. Meanwhile,

inset b) shows the procedure for obtaining kinetic information such as activation energies and the

relative rates of formation of species.
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Chapter 7

FIELD IONIZATION USAGE FOR ALKALI METAL-O2
CHARACTERIZATION

Despite its limited use and availability, field ionization techniques can provide useful informa-

tion regarding discharge and charge mechanisms in alkali metal-O2 batteries. Such information is

necessary to develop better strategies for electrode designs that could improve battery performance.

This chapter proposes experimental frameworks that can be used to characterize alkali metal-O2

chemistry using field ionization techniques. First, general experimental procedures are described.

This is followed by description of 4 case studies: solvent characterization, alkali metal-O2 reaction

chemistry characterization, side reaction characterization, and catalyst exploration. The informa-

tion described in this section is an extension of the work presented at the 233rd Electrochemical

Society Conference [239].

7.1 Experimental Considerations

This section describes experimental considerations that must be taken when characterizing alkali

metal-O2 chemistry using field emitter. The discussion is divided in 2 components: one focusing

on deposit formation chemistry characterization and the other focusing on morphology characteri-

zation.

7.1.1 Deposit formation chemistry

PFD experiments are performed at a negative field for discharge and a positive field for charge. Due

to the small magnitude of fields required for field emission, care must be taken to avoid electron

emission in the sample. This can be done by performing desorption at fields below the electron

emission field. Meanwhile, for positive base field experiments, the largest reaction field used will
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be onset of desorption field, as determined by RFD experiments. In order to ensure that no product

accumulation occurs during the experiment, the maximum magnitude for the pulsed field has to be

chosen such that all reaction products are removed. Positive desorption fields should be used since

they allow for exploration of a wider reaction window.

7.1.2 Morphology characterization

Using the information obtained from the PFD experiments, FIM and FEM experiments can be per-

formed to characterize deposit morphology, conductivity, and mapping the regions where deposit

growth occurs. Prior to applying the desorption fields, deposits should be formed at the base field

that yields the highest ion signal for a given species, as obtained by PFD experiments. This is done

to simulate deposit growth at experimentally relevant conditions. After deposit growth, the field

is stepped to the desorption field used in PFD experiments, followed by video acquisition. Due

to time variations in emission, video acquisition is recommended. Typically, 10 s are used. The

resulting video is then processed using frame-averaging to obtain a micrograph.

7.2 Solvent characterization

As described previously, the discharge mechanism in alkali metal-O2 batteries is electrolyte de-

pendent [193] due to solvation effects [67]. Two main pathways have been proposed: a surface

pathway with strongly bound intermediates and a solution pathway where O –
2 is solvated upon

reduction and LiO2 can nucleate and disproportionate from the solution phase [67]. In addition,

some solvents can react with the anode [42, 44].

A graphical depiction of experiments that address these issues is shown in Fig. 7.1. Anode

stability can be assessed by adsorption of a lithium layer on the tip, followed by solvent dosing. As

shown in the upper section of Fig. 7.1, PFD experiments can be performed to determine the reaction

intermediates and end products. For example, if acetonitrile were used as a solvent, products

such as CH +
3 and CN+ would be observed [40]. In addition, mass-selected RFD can be used to

determine the nature of Li solvation, as well as the activation energy for the formation of solvation
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Figure 7.1: Solvent characterization experiments. The upper portion shows an electrolyte stability

experiment. The bottom portion shows a solvation shell size experiment. M is the metal (Li, Na,

K), S is the solvent, and A+ and B+ are reaction products form by the reaction of S with M.

shells and their size. A depiction of such an experiment is shown in the lower portion of Fig. 7.1.

Imaging experiments can further reveal the relative activity of the different crystal facets of the tip,

with more active regions appearing as brighter spots.

7.3 Characterization of alkali metal-O2 Chemistry

The current understanding of alkali metal-O2 battery chemistry has been limited to cycling exper-

iments performed in electrochemical cells, followed by product characterization via optical and
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mass spectroscopy techniques. Unfortunately, the complexity of electrochemical cells and the

presence of side reactions complicate gaining insight of the fundamental nature of such reactions.

Most of the fundamental understanding of alkali metal-O2 chemistry has involved the use of com-

putational tecnhiques [62, 140, 141, 143, 147, 149, 155]. There have been few experimental studies

have provided insight regarding the nature of the deposits [63, 99, 194, 240, 241] and morphol-

ogy [67,94,242,243]. Despite this, there is limited knowledge about how variables such as electric

field affect the ORR kinetics. Figure 7.2 shows a schematic of how field ionization experiments

can be used to obtain information of alkali metal-O2 chemistry. The upper portion shows a sam-

ple imaging experiment. Bright regions will be covered with either low work function deposits or

thin deposits where electrons can tunnel to or from the tip. Meanwhile, the bottom inset shows a

sample spectrometry experiment. A deposit can be grown in the tip and desorbed upon application

of desorption pulses. Any species present in the tip are detected and the effects of reaction time,

applied field, and temperature on the composition of the deposit can be assessed.

7.3.1 Deposit formation chemistry

PFD experiments can be performed using the procedure outlined in Section 7.1.1 using a carbon-

lithium substrate. The carbon substrate can be grown by decomposition of ethylene at the tip, while

lithium can be directly dosed using a commercially available getter. After dosing, oxygen and the

solvent of interest can be dosed continuously at a total pressure below 1× 10−6 torr to decrease

the risk of microchannel plate failure due to discharge arcs [244].The flux of each species can be

determined using Equation 7.1, where Ji is the incident flux of species i to the tip, Pi is the dosing

pressure, Ni is the surface density of a monolayer of i, m is the molecule mass, k is Boltzmann’s

constant and T is the dosing temperature. Experiments can be performed at different temperatures,

electric fields, and depth of discharge. Depth of discharge experiments involve dosing the metal of

interest and O2 on the substrate. Complementary to previous kinetic studies [194], a field ionization

study can be used to assess how the nature of the surface affects the discharge/charge kinetics.
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Figure 7.2: Field ionization experimental protocol. The upper portion shows a sample imaging

experiment. The bottom portion shows a spectrometry experiment.
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Ji =
Pi

Ni
√

2πmkT
(7.1)

Direct assesment of field effects can be achieved rather than using voltage as the state variable.

Even though electric field is directly related to potential, both variables having different effects on

the system. While electric potential affects thermodynamics, electric field affects kinetics [245].

The rate of an electrochemical reaction can be given by the Butler-Volmer expression, as shown in

Equation 7.2, where j is the current density, β is the symmetry factor, n is the number of electrons

transferred in the rate determining step, F is Faraday’s constant, η is the overpotential, R is the

gas constant, T is the temperature, and j0 is the exchange current density, given by Equation 7.3,

with cR and cO being the anodic and cathodic reactants and ka and kc the anodic and cathodic rate

constants, respectively [246].

j = j0

{
exp
[
(1−β )nFη

RT

]
− exp

[
−βnFη

RT

]}
(7.2)

j0 = nF
[
kβ

a cβ

R

][
k(1−β )

c c(1−β )
O

]
(7.3)

The anodic and cathodic rate constants have a rate dependence given by Equation 7.4, where

νi(E) is the field-dependent pre-exponential factor, E is the applied electric field, and Qi(E) is the

field-dependent activation energy [230]. Inspection of Equations 7.2-7.4 shows that the electric

potential primarily affects the exchange current density due to the exponential dependence on the

kinetic rate constant in Equation 7.2. Meanwhile, the electric field affects the rate constant ki

through both the pre-exponential factor and the exponential terms shown in Equation 7.4.

ki(E) = νi(E)exp
(
−Qi(E)

RT

)
(7.4)
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7.3.2 Morphology characterization

Morphological characterization can be achieved using FIM and FEM. FEM can provide topograph-

ical information by providing information about deposit work function, with low work function

deposits appearing brighter than high work function deposits. In addition, FIM can provide in-

formation about the thickness. Thicker deposits will show up as dark spots in the screen, while

thinner deposits will show as brighter spots due to field distributions across the deposits. This in-

formation can be used to assess morphological changes as a function of variables such as growth

field, temperature, and oxygen partial pressure.

7.4 Effect of contaminants

Contaminants such as CO2 and H2O have been observed to increase the discharge capacity of alkali

metal-O2 batteries at the expense of increasing charging overpotentials and decreasing cyclability

[106]. For example, the presence of CO2 leads to the formation of Li2CO3 via reactions with either

O –
2 in solution or Li2O2 in Li-O2 batteries [111]. Meanwhile, previous work has shown that the

addition of water affects deposit morphology and favors a solution-mediated path, even in solvents

with low DN. In addition, the presence of water can lead to parasitic reactions and the formation of

LiOH [67]. This section describes how field ionization techniques can be used to assess the effects

of CO2 and H2O in alkali metal-O2 chemistry using PFD.

7.4.1 Characterization of reaction chemistry

In addition to exploring the effects of reaction time, temperature, and reaction field, PFD exper-

iments can also assess the effect of O2/CO2 ratios and water content. In a similar manner to the

alkali metal-O2 experiments, a carbon-lithium susbtrate should be used. For depth of discharge

experiments, deposit formation occurs by exposing the tip to the base field and dosing conditions

for some time prior to pulsing at different gas environments. PFD experiments can be used to

assess reaction intermediates such as LiCO4 as a function of O2/CO2 ratio and field. In order to

characterize deposit reactions with water, a MO2 substrate can be used rather than carbon-lithium.
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By changing the reaction time and applied field, semi-quantitative information of water reactions

can be obtained such as reaction intermediates and relative rates of formation.

7.4.1.1 Morphology characterization

FEM experiments can be used to determine the work function change on the tip, as well as the

nature of discharge products. It is expected that the work function will be lower compared to a case

where only O2 is used. In addition, FIM experiments can reveal if Li2CO3 growth is preferred at

certain crystal planes. Li2CO3 deposits are expected to form as thin films on the carbon-coated tips.

The regions where Li2CO3 forms are expected to be observed as bright spots in FEM. Meanwhile,

the brightness will change in FIM experiments as a function of time. In the first frames, the deposits

will be bright and the brightness will decrease as more Li2CO3 desorbs.

7.5 Catalyst exploration

A significant amount of research has been dedicated to characterizing oxygen reduction catalysts

for potential applications in alkali metal-O2 batteries. An overview of several experiments for

catalyst exploration is shown in Fig. 7.3. Despite the usefulness of some catalysts in reducing the

charging overpotentials, it has been found that some materials catalyze electrolyte side reactions

[68]. Field ionization methods can be used to explore electrolyte degradation reactions on metal

catalysts, as shown at panel (a) of Fig. 7.3.

In addition to electrolyte degradation characterization, experiments can be performed to study

the charge transfer reactions on such catalysts. In such experiments, a MxO2 deposit can be made

by dosing Li and oxygen onto the tip, followed by the solvent of interest. Panels (a) and (b)

show MxO2 and the solvent of interest dosed onto 2 different metals, A and B, with A being more

catalytically active than B. Information about the reaction pathway, intermediates, and activation

energies can be obtained with PFD, as shown in panel (c). In addition, imaging experiments can

reveal active regions of the tip during charge, as shown in panel (d). Highly active areas will show

as bright regions due to a higher rate of ionization, while inactive areas will appear dark. In a
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hypothetical experiment, the figure shows how a sample of metal A would have a highly active

region at the center of the image with less active spots in the 4 quadrants. Meanwhile, a sample of

metal B only exhibits moderate activity at the quadrants.
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Figure 7.3: Catalyst exploration experiments. Panels (a) and (b) show experimental procedures

for tips made of different metals, where A is more catalytically active than B. Panel (c) shows the

hypothetical O +
2 ion signal for both materials as a function of tR and Fapp, while panel (d) shows a

depiction of an imaging experiment.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

The purpose of this work was to provide an extensive review of the limitations of alkali metal-

O2 battery chemistry and new framework for future research based on well-defined surface states

and kineticially relevent state. Despite this, the implementation of some of the ideas described

previously may prove challenging. However, their benefits can potentially outweigh the challenges

and might help towards the commercialization and large-scale deployment of alkali metal-O2 bat-

teries.

8.1 Field ionization

The original aim of the work described in this dissertation was to characterize Li-O2 battery chem-

sitry using field emitters. However, due to limitations with the instrument, it was not possible to

carry out the proposed experiments. In order to carry out work with the FIM described previously,

several upgrades are needed. First, a new isolation box needs to be built. The original isolation

box was built in 1996 and was not used for a decade. In addition, the documentation was not kept

up to date, and there were several issues such as AC noise in DC channels that proved challenging

to remove. Such issues are described in further detail in Appendix A. Finally, the picosecond time

analyzer (PTA) used for acquiring PFD data needs to be upgraded. Despite the PTA still work-

ing properly, the unit has not been supported for at least a decade and therefore, a replacement is

needed.

The ability of field ionization techniques to examine reactions in a fundamental way makes it an

ideal tool to characterize alkali metal-O2 batteries. However, the uniqueness of the technique and

the lack of available field ionization microscopes (to the author’s knowledge there are 2 or 3 oper-

ational microscopes in the world) provides significant experimental challenges. Despite this, there
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is value in using the technique. The protocols described in Chapter 7 provide a starting point for

chemistry characterization. In addition, recent work has proposed the evolution of singlet oxygen

as the main cause for parasitic reactions [247]. One difference between singlet and triplet oxygen

is the smaller polarizability of singlet oxygen [248]. Due to the polarizability dependence of the

activation energy in field-dependent reactions, it might be possible to detect such species. Other

uses of field ionization include characterization of new electrolyte solvents or cathode materials.

8.2 Well-defined surface and kinetically relevant states

A concept proposed in previous chapters involved the development of well-defined surface and ki-

netically relevant states for better understanding of alkali metal-O2 chemistry. Well-defined surface

states are those with well-defined Li2O2 coverages, morphology, and cathode surface conditions

that can be used to characterize reactions occuring in alkali metal-O2 reactions in a controlled envi-

ronment. The use of potentiostatic discharge rather than galvanostatic discharge was recommended

as it allows for isolation of specific reactions. In addition, several applications were focused on the

characterization of deposit evolution: initial nucleation and growth, spatio-temporal evolution of

the chemical identity and crystallinity of discharge products, and stage-by-stage characterization.

An extension of this concept involves the usage of kinetically relevent states defined according to

features from discharge/charge curves such as inflection points, plateaus, or regions of constant

slope.

The use of both KRS and WDSS for characterization must be coupled with in operando tech-

niques in order to obtain information about deposit composition, morphology, spacial distribution,

and active regions of the cathode. The information obtained from both WDSS and KRS can po-

tentially provide a framework for battery design. For example, the information obtained in initial

nucleation and growth experiments using WDSS and scanning probe techniques could be used for

developing improved cathode materials by providing informastion about effect of parameters such

as MxO2-substrate binding energy on deposit growth. In addition, a KRS experiment coupled with

traditional characterization techniques could be used to assess the effects of cathode microstructure

and nucleation sites on cell death and morphology, allowing for the development of improved cath-
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ode designs. Finally, isotope alternation experiments coupled with in operando techniques such

as ambient pressure XPS and X-ray tomography can provide more accurate information about the

products oxidized at each stage of the charging process, as well as pin-pointing where they are

formed.
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Appendix A

ELECTRONIC SCHEMATICS

The isolation box used to float the heating loop power supply was built between 1996 and 1997.

At the time when the work in this project started, there were several failures that required extensive

repairs. Also, the original schematics were not updated. This appendix includes the most recently

upgraded electronic schematics for the isolation box and any repairs that took place. In addition, a

list of recommendations are given for future construction of such an instrument.

A.1 List of isolation box repairs and modifications

1. January 2016: The voltage suppression diodes failed and were replaced

2. February 2016: Op-amps and V/F converters were replaced in the V/F conversion cards

3. October 2016: Chemistry Electronics Machine Shop replaced dried electrolytic capacitors

4. March 2017: Chemistry Electronics Machine Shop replaced dried electrolytic capacitors

5. August 2017: All± 5 and 15 V connectors and multiple fiber optic connectors were caulked.

Also, capacitors were introduced to the voltage and current control channels to block a 1 V,

60 Hz noise introduced by the isolation transformer.

A.2 Electronic diagrams/schematics

This section includes the most recent iteration (January 2018) of the circuit schematics. Also, a

system diagram showing all ground and signal connections is included.
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Figure A.1: System diagram. The signal connections are shown as solid lines, while shield connec-

tions are shown as dashed lines parallel to the solid lines. Chamber/stand configuration is altered

from the actual configuration for clarity of the system diagram. The CE feedthrough is shown as a

large, black circle
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Key
V/F-Voltage-to-frequency

F/V-Frequency-to-voltage

iC-Remote current control

VC-Remote voltage control
RFI-Radio Frequency Isolation

TP-Tip potential

PID-Temperature controller

PS-Power Supply

Iem-Emission current

Figure A.2: Isolation box schematic. Electrical connections are shown as solid black lines, while

fiber optic connections are shown as red dashed lines.
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Figure A.3: Isolation box ground level
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Figure A.4: Isolation box high voltage level
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Figure A.5: Voltage-to-frequency card circuit

Figure A.6: Frequency-to-voltage card circuit
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Figure A.7: Clock card circuit
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Figure A.8: Clock relay card circuit
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A.3 Isolation box design considerations

Throughout this project, several isolation box failures occured due to the age of components or

construction shortcuts. This section provides recommendations for construction of a new isola-

tion. The biggest issues with the current box are the use of sliding connectors with no locking

mechanism, the size of the box, and unnecessary clutter of connections.

1. Use locking connectors if building a box that needs to be wheeled. This would allow mini-

mizing the possibility of connectors coming off and causing problems.

2. Use a better layout of the isolation cards to avoid wire crossover. Otherwise, try to build all

circuits in two IC cards: one for earth ground and another for the floating ground.

3. Include a temperature controller in the box to avoid having to depend on an external con-

troller and to avoid having a thermocouple reader inside of the box. This suggestion is

mostly for keeping a cleaner construction and to avoid having extra connections that might

add clutter.
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Appendix B

EXPERIMENTAL PROCEDURES

B.1 Assembly and dissasembly instructions

B.1.1 Sample holder and transmission line

The sample holder is attached to the cooling finger

Dissasembly

1. Remove all side connections. These include the counterelectrode flange, thermocouple leads,

and tip heating leads.

2. Tilt sample holder and place a box high enough to ensure that the liquid nitrogen inlet touches

the table.

3. Loosen bolts holding the metal piece with the 4 nipples to the cooling finger. Once the bolts

are removed, the metal piece should slide freely.

4. Remove metal piece with nippless.

Assembly

1. Place gasket on the upper end of the metal piece with the 4 nipples. This end is has a red

marking on the side. Align flange correctly following red marks. The proper alignment is

shown in Figure B.1.

2. Introduce temperature, counterelectrode, and tip heating leads into separate nipples.
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3. Place a copper gasket on each nipple and connect the vacuum side leads to the feedthroughs.

Make sure that the wires do not touch each other or the chamber. Place bolts at each of the

feedthroughs and tighten finger tight.

4. Place bolts to connect the metal piece with feedhtroughs to the cooling finger and tighten

finger tight.

B.1.2 Manipulator

1. Remove top mainpulator plate by loosening bolts.

2. Introduce temperature, counterelectrode, and tip heating leads into separate nipples.

3. Place 4 inch flanges and hold in place with bolts. Tighten finger tight. When connecting

wires to feedthrough and assembling everything, make sure that the counterelectrode copper

wire does not contact the chamber chassis. When doing experiments, such a short manifests

when the counterelectrode voltage does not go above 600 V.

4. Place bolts in 6 inch flange and tighten finger tight.

B.1.3 Drift tube and Wien filter detector

1. Remove drift tube.

2. Remove flange connecting assembly to chamber.

3. Loosen screws holding lens to support rods. The screws are shown in inset 3 of Figure B.2.

4. Reassemble tube, starting with lens.

5. Connect big flange to chamber.

6. Add assembly to tube.
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Figure B.1: Sample holder. Inset a) shows the feedthrough alignment, inset b) shows the coun-

terelectrode connections from the inside, inset c) shows the thermocouple connections from the

inside, and inset d) shows the tip heating feedthroughs from the inside.
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1
2

3 4

Figure B.2: Drift tube assembly process. The steps for drift tube assembly are labeled in the figure.



152

B.1.4 Imaging detector

Microchannel plate replacement

1. Remove the shielding plate.

2. Remove the grid.

3. Place assembly on the table as shown in inset 3) of Figure B.3. Otherwise, assembly becomes

very complicated.

4. Dissassemble carefully, as the plate contacts are fragile.

5. Remove contact plates by loosening nuts with tweezers. Then, pull out the contact plate and

top insulators.

6. Take out plates and replace. Make sure that the electrical contact (thin metal ring) is placed

between both plates.

7. Reassemble.

The detector dissasembly process is shown in Figure B.3.

B.2 Experimental procedures

B.2.1 Tip making

Crucible preparation

• Apply a thin coating of high temperature cement to the crucible and let dry for 3 or 4 hours.

• Use thicker wire (AWG 20 or 22) and make support rings. Make two rings: one that goes

around the upper part of the crucible and one that goes on the lower part of the crucible.

Then coil remaining wire to make heating leads.
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Plate

1) 2)

3) 4)

5)
Figure B.3: Microchannel plate dissasembly process. The step numbers are shown in the figure.
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• Make the heating element using nichrome. Wrap the nichrome around the heating lead and

then wrap wire around the crucible while making sure that the loops do not touch each other.

Also, the wire might coil back if not preworked.

• Apply a coating of cement to the coils and dry for 4 hours. Repeat at least twice.

• Once cement is dry, place a thermocouple at the bottom and wrap crucible with aluminum

foil. Make sure that both leads do not short.

• Note: There is variability in the measured temperature at the bottom of the crucible and the

actual salt mixture. Before etching tips, make a calibration curve comparing the actual salt

temperature and the temperature measured at the bottom of the crucible.

Tip making

• Place salt mixture inside of crucible.

• Apply AC current to heating coil. Voltages under 35 V AC are typically needed.

• Once salt reaches appropriate temperature, place tip wire on the red lead and some heating

loop wire (about 1 cm) on the black lead.

• Introduce black lead to melt and then turn on power supply. Make sure that box in on

continuous mode rather than pulse.

• Introduce tip wire to the melt. Make sure that wire does not go all the way in.

• Etch tip for about 20-30 s. Inspect tip under the microscope and use shorter dunks to sharpen

as needed.
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B.2.2 Sample mounting

Spot welding specifications

• Heating loop wire: 0.25 mm diameter platinum wire (1” long). Before welding, curl the

wire using a pen.

• Thermocouple: 0.08 mm diameter chromel/alumel wire (2” long). Note: Make alumel

(red) wire shorter. Also, make sure that the wire is curled to an M shape to allow for easy

mounting.

• Procedure

– Hold loop in place using clip electrode (round plate with a black metal clip that holds

sample in contact with a copper plate). When spot welding, make use the thicker wire

is always on top.

– Use fine tip electrode and make contact between parts to join

– Use 4 % power and send pulse by pressing pedal.

– Place thermocouple junction below tip. Make sure that the red wire is on the left side.

– Use fine tip electrode and make contact between the parts to weld. Use 1.2% power to

create the weld.

Mounting sample in holder

1. Loosen Macor insulation holding CE plate in place and remove plate

2. Loosen thermocouple connector screws with a hex wrench

3. Loosen heating loop holding screws with a hex wrench and remove tip

4. Place heating loop in holding plates and tighten the screws
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5. Place thermocouple wire in the connectors and tighten the screws. Chromel goes on the

yellow and alumel in red (note: alumel is magnetic). When mounting the tip, it helps to

preshape the wires before mounting such that they can get into the feedthroughs without

much trouble. Also, it helps to shorten the wires to avoid curling

6. Place the CE plate back in its original position and tighten the Macor insulator back in place.

When tight, the plate should not rotate freely. The CE hole should be 1mm away from the

tip. The sample holder might seem loose upon touching it, but it should hold by its own

when not touching it. Tighten the insulator properly.

B.2.3 Solvent degassing

1. Prepare a clean vial by washing it with the appropriate solvent. Remove solvent by con-

necting the vial to vacuum pump. A heat gun may be used to speed the evaporation of the

cleaning solvent.

2. After pumping away the cleaning solvent, close the valve on the sample vial. The vial should

be clean and under vacuum.

3. Prepare a clean pipette or syringe to transfer the chemical.

4. Disconnect the vial from the vacuum manifold.

5. Using the pipette or syringe, transfer the desired amount of the chemical from the original

container to the upper part of the sample vial.

6. Slowly open the valve to the lower part of the sample vial. Do not let all of the chemical flow

into the bottom of the vial. Do not allow any air to flow into the bottom of the vial. Close

the sample valve while leaving a small amount of the chemical in the upper part of the vial.

This minimizes the amount of air contamination in the sample. Dispose of excess chemical

from the upper part of the vial in the appropriate waste container.
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7. Connect the vial filled with chemical to the vacuum manifold. Open the valve between the

manifold and the sample vial to pump the air from the top of the sample vial. At this point,

the valve on the sample vial remains closed. Prepare liquid nitrogen in a small container (a

Styrofoam coffee cup works well).

8. Submerge the sample vial in liquid nitrogen until the chemical freezes. Open the valve to

the vial for 5-10 seconds and then close the valve. Notice the pressure rise in the manifold

as non-condensable gases are pumped away from the frozen sample.

9. Remove the liquid nitrogen and allow the chemical to thaw.

10. Repeat this process until the pressure rise after opening the sample vial valve during step 2

is negligible.

B.2.4 Tip imaging and cleaning

1. Ensure pressure is below 1× 10−9 torr prior to performing FEM. If pressure is above that

value, the image will be unstable and eventually the tip will fail.

2. Apply voltage to the MCPs and PS slowly.

3. Set tip voltage to negative power supply.

4. Slowly increase tip voltage until an image is visible. Record the applied voltage.

5. Reduce tip voltage to zero and turn off MCP/PS detector slowly.

6. Switch tip voltage to positive power supply and CE voltage to the negative power supply.

7. Leak 1×10−4 torr Ne into the chamber and wait one minute.

8. Slowly turn on MCP and PS voltages.
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9. Slowly increase tip and CE voltage until an image becomes visible. Record voltage.

10. Keep increasing voltage until a field of 4 V/Å is reached

B.2.5 Dosing procedures

1. Set both the tip and counter electrode power supplies to remote

2. Start Labview program and define dosing time

3. Set tip and CE to appropriate voltage

4. Dose appropriate gases. After introducing gases to chamber, press ”Start dosing time” button

in Labview program. Record max pressure

5. Close valves/stop dosing

6. Top off liquid nitrogen in downtube and wait for pressure to drop to 5−6×10−9 torr. Record

time required for pressure to drop.

7. Turn on MCPs

8. After turning on MCPs, press ”Start experiment” button in Labview.

9. Recording will stop automatically when the experiment is done, turn off tip supply and

switch to local, turn off NIM bin, and temperature controller.

B.2.6 Ramp field desorption

1. Set both the tip and counter electrode power supplies to remote

2. Start Labview program and define dosing time

3. Set tip and CE to appropriate voltage
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4. Dose appropriate gases. After introducing gases to chamber, press ”Start dosing time” button

in Labview program. Record max pressure

5. Close valves/stop dosing

6. Top off liquid nitrogen in downtube and wait for pressure to drop to 5−6×10−9 torr. Record

time required for pressure to drop.

7. Turn on MCPs

8. After turning on MCPs, press ”Start experiment” button in Labview.

9. Recording will stop automatically when the experiment is done, turn off tip supply and

switch to local, turn off NIM bin, and temperature controller.

B.2.7 Pulsed field desorption

1. Set a channel in the delay generator to deliver a TTL pulse and another to deliver a NIM

pulse. This can be done by setting the time delay of both channels to the same value and

then press the ”FCN” key until the pulse amplitudes appear (the default value is +5 V).

Then, move the cursor to the value for D and push the ”+” key until the NIM value appears

on the screen.

2. Set both the tip and counter electrode power supplies to manual

3. Set the tip and counter electrode voltages

4. Dose experimental substrate and evacuate substrate reagents

5. Turn on MCPs
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6. Connect pulser to the coupling capacitor and start the pulser using the instructions in the

manual. For starting the pulses, switch the DDG switch to internal trigger. A green LED

should go on and indicate that the DDG is delivering pulses. Also, the WINDOW LED on

the PTA should turn on.

7. Dose electrolyte solvent, oxygen, and other species of interest

8. Open PTA histogram program in the old computer. At this point, the CPU LED should go

on.

9. Turn on the preamplifier power supply and start recording a few seconds later. This is done

by pressing the start button in the PTA program screen.

10. When recording finishes, shut down reagent flow into the chamber and allow pressure to go

down. Turn off MCPs.

11. While chamber pumps down, save spectrum following instructions from the user manual.

To save the data in a usable format, select all data, go to ”Print Spectrum", and print as file.

Then, save the data as a .rpt file. Once this is done, the .rpt file can be extracted using a 3

1/2” floppy disk or a CD.

12. Turn tip towards imaging detector and clean using field desorption. If using carbon, heat up

tip and expose to oxygen to remove any residues of the carbon adlayer.

13. For processing the data files, use the ”PFD boxcar integrator” file and save the boxcar inte-

grated data as a csv file. This file can then be opened in Excel for further analysis.
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Appendix C

CHARACTERIZATION OF THE WATER ELECTROLYSIS REACTION
MECHANISM ON GADOLINIA-DOPED CERIA

Prior to working on the alkali metal-O2 project, I worked on characterizing water electrolysis

on Solid Oxide Electrolysis Cells (SOEC). My work focused on characterizing porous electrodes

and thin flims on H2O−H2 environments. The work performed on porous electrodes includes both

experimental and modeling results, while the thin film work only includes modeling results. This

section is an adapted version of References [249] and [250].

C.1 Introduction

A significant challenge in the transition to a renewable energy based economy involves the transi-

tion away from a fossil fuel economy in the transportation sector [251]. Such a transition can be

achieved through synthesis of liquid fuels using methods such as Fischer-Tropsch (FT) synthesis,

where synthesis gas is used to produce hydrocarbons [1]. One route for synthesis gas production

involves electrolysis, where H2O and CO2 are reacted to form CO and H2. Electrolysis can be per-

formed on SOECs, where high temperature conductive ceramics are used [252]. Typical materials

include a composite of nickel and yttria-stabilized zirconia (Ni/YSZ) and the H2O/CO2 electrode,

YSZ as the electrolyte, and lanthanum strontium manganite (LSM) as the oxygen electrode [253].

Despite good performance, Ni/YSZ is limited by its low durability, carbon deposition, and sulfur

poisoning [254]. An alternative to Ni/YSZ involves the use of mixed ionic and electronic conduct-

ing ceramics (MIECs). Some advantages of MIECs include a more efficient use of the electrode

(the reaction region is not constrained to the metal/electrolyte/gas three-phase boundary), reduced

carbon deposition when used in reducing environments, and stable performance for both hydrocar-

bon and hydrogen oxidation [254, 255].
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Among MIECs, doped ceria has attracted significant interest due to improved performance

compared to other materials under similar conditions [254]. Despite a significant body of knowl-

edge regarding the behavior of ceria [254, 256], there is debate regarding the reaction mechanism

for water electrolysis. The application of surface science techniques such as ambient pressure XPS

(APXPS) to this problem has provided new information about the phenomena occurring in the sur-

face of the electrodes [257, 258]. Zhang and coworkers [257] and Feng et al [258] have reported

the use of AP-XPS to study the surface species involved in the reaction. However, there is still con-

troversy regarding the rate-determining step. While Zhang et al proposed dissociative adsorption

of water into a hydroxyl group and a neutral hydrogen atom as the rate determining step, Feng et

al proposed a dual hydroxyl dissociation as the rate-determining step. The work described in this

chapter couples continuum modeling with electrochemical impedance spectroscopy (EIS) to gain

further understanding regarding the reaction mechanism.

C.1.1 Electrochemical Impedance Spectroscopy

In EIS, a sinusoidal perturbation in either voltage or current is applied to the sample. A schematic

of an EIS experiment is shown in Figure C.1. The upper portion shows an electrochemical system

being perturbed using a sinusoidal voltage, plotted as v(t) vs t. The resulting current response,

plotted as i(t) vs t, exhibits a different magnitude and phase shift. Impedance is the complex

ratio of voltage to current. In a typical EIS experiment, the impedance response is measured as

functions of input frequency. Impedance data are typically presented as a function of frequency

either in Nyquist or Bode plots. In a Bode plot, the magnitude and phase shifts are plotted as

functions of frequency, while Nyquist plots show the imaginary component plotted against the

real component, parametric with frequency [104]. A sample Nyquist plot is shown in the lower

portion of Figure C.1. An advantage of EIS is its capability to isolate processes by time scale [259].

However, EIS is a linear technique and therefore, cannot distinguish between different non-linear

rate laws [260, 261]. The common example of such a limitation is the presence of Gerischer-like

behavior, where diffusion and reaction kinetics are co-limiting, which can be associated to multiple

mechanisms with the proper choice of fitting parameters. In addition, partial pressure dependence
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Figure C.1: Graphical depiction of EIS. The upper portion shows an electrochemical system being

perturbed using a sinusoidal voltage, v(t). The system response is shown as i(t). The resulting

Nyquist plot is shown in the lower portion, with the equation for impedance being show to the elft

of the Nyquist plot.

can be problematic since multiple rate-determining steps can show similar trends.

An alternative to EIS is to use a non-linear variant of this technique, known as non-linear

EIS (NLEIS) [261]. NLEIS has proven capable of isolating complex reaction mechanisms. A

schematic of an NLEIS experiment is shown in Figure C.2. The upper part of the figure shows an

electrochemical system undergoing a sinusoidal voltage perturbation. In contrast to EIS, NLEIS

experiments measure the impedance response as a function of frequency and perturbation ampli-

tude. For sufficiently large amplitudes, the response will exhibit higher order harmonics that can

be extracted through Fourier analysis. This can be observed in Figure C.2, where the current re-

sponse, i(t), is a . The higher order harmonic responses are unique for a mechanism and therefore,
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Figure C.2: Graphical depiction of NLEIS. The upper portion shows an electrochemical system

being perturbed using a sinusoidal voltage, v(t). The system response is shown as i(t). The Fourier

transform magnitude of the current, Abs(FT), plot is shown below as a function of the harmonic

order.

NLEIS can be used to determine likely reaction mechanisms when coupled with a reaction model.

Wilson et al [261] performed experiments on oxygen reduction and showed that NLEIS can isolate

distinct features for determination of the rate law governing O2 reduction, thus providing insights

about the reaction mechanisms. Those authors showed that, even though some mechanisms might

have the same linear response, their non-linear responses differ and therefore, NLEIS can be used

to identify a reaction mechanism.
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C.2 Experimental Methods

C.2.1 Sample preparation

Symmetrical GDC button cells were prepared with a screen printing method on YSZ (Zircar) pel-

lets. The pellets were made by pressing YSZ powder at 3500 psi with a cylindrical die. The result-

ing pellets were then sintered at 1600 ◦C for 2 h using 2 ◦C/min heating and cooling ramps. The

GDC ink was fabricated using the procedure outlined by Green [262]. Specifically, GDC powder

(Praxair) was mixed with α-terpineol, ethyl cellulose, and oleic acid using a three-roll mill. Glassy

carbon beads were then added to the resulting mixture, followed by ball milling. GDC electrodes

were then screen printed on the YSZ electrolyte pellets and fired using the procedure described by

Green [262]. A SEM image of a cell is shown in Figure C.3. The resulting electrodes were porous

with a thickness of about 5 µm.

C.2.2 Experimental Procedure

A schematic of the experimental setup is shown in Figure C.4. For electrochemical measurements,

the cells were placed in a Probostat and heated to temperature. EIS measurements were made with

a Solartron 1287 potentiostat at zero bias, a frequency range of 0.01 to 10,000 Hz, and perturbation

amplitude of 10 mV. Measurements were performed for both symmetrical and half-cell configura-

tions. Once a stable profile was achieved, NLEIS was performed with a sinusoidal current input at

zero DC bias, a frequency range of 0.02 to 10,000 Hz, and 20 amplitudes per frequency ranging

from 0.1 mA to 1.5 mA. The limits for each specific case were established such that there a visible

fifth order harmonic. In both cases, a total gas flow of 100 sccm was used. The cells were tested

at 700, 750 and 800 ◦C under different hydrogen and water concentrations, listed in Table C.1.

Experimental results were fitted using a macrohomogenous model (more details in the modeling

section) and analyzed using previously outlined protocols [261].
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Figure C.3: SEM image of a porous GDC-10 electrode on a YSZ electrolyte substrate before

electrochemical characterization. The electrode was fired at a temperature of 1200 ◦C for 2 h.

Hydrogen content (%) Water content (%) pO2 (bar) at 750 ◦ C pO2 (bar) at 800 ◦ C

97 3 2.79×10−23 4.07×10−22

50 3 1.11×10−22 1.63×10−21

25 3 4.76×10−22 6.51×10−21

10 3 2.79×10−21 4.76×10−20

5 3 1.11×10−20 1.63×10−19

Table C.1: EIS/NLEIS experimental conditions. The effective pO2 values were determined using

the thermodynamic model proposed by Yashiro et al. [256]
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Figure C.4: Experimental setup for impedance experiments. The electrode was fired at a tempera-

ture of 1200 ◦C for 2 h.
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C.3 Model descriptions

C.3.1 Reaction models

Reaction rate expressions were derived using the theoretical framework proposed by Adler et

al. [260]. The mechanisms proposed by Zhang et al. (referred to as Mechanism 1) [257] and

Feng and co-workers (referred to as Mechanism 2) [258] were considered and are depicted in Fig.

C.5. Mechanism 1 is composed of 4 steps: water dissociative adsorption to form an adsorbed hy-

drogen atom and a hydroxyl group involving electron transfer (step 1), hydroxyl dissociation to

form an adsorbed hydrogen atom and an oxygen ion involving electron transfer (step 2), adsorbed

hydrogen atom association and evolution of hydrogen gas from the surface (step 3), and oxygen

ion incorporation into the bulk (step 4). In Mechanism 1, step 1 is considered the rate determining

step. Meanwhile, Mechanism 2 is composed of 6 steps: water adsorption onto a vacancy (step 1),

water dissociation to form two hydroxyl groups (Step 2), hydroxyl dissociation into two adsorbed

hydrogen atoms and 2 oxygen ions involving electron transfer (step 3), adsorbed hydrogen atom

association to form an adsorbed hydrogen molecule (step 4), hydrogen evolution (step 5), and oxy-

gen ion incorporation into the bulk. In this case, the rate determining step is a combination of steps

3, 4, and 5.

The rate expression is determined using the formalism developed by Adler et al [260]. The

generic rate expression is provided by Equation C.1, where ri is the rate for a particular step, ℜi is

a kinetic function that depends on the thermodynamic conditions of the gas and solid, and Λi is the

thermodynamic driving force [249].

ri = ℜi

[
1− exp

Λi

RT

]
(C.1)

C.3.2 Thermodynamics

Thermodynamics were described using a point-defect model [256]. The effect of the gas envi-

ronment on equilibrium vacancy concentration can be determined using a thermodynamic factor,

A. In a scenario where the surface exhibits a different thermodynamic behavior, the surface ther-
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Figure C.5: Reaction mechanisms proposed by Zhang et al. (left) and Feng et al. (right). The

rate-determining step proposed by the authors in each case is shown as a dashed arrow.
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modynamic factor is referred as As. The factor is defined in Equation C.2, where PO2,e f f is the

equilibrium oxygen partial pressure, xv is the vacancy concentration, xv0 is the equilibrium vacancy

concentration, and ψ is a dimensionless vacancy concentration perturbation, defined by Equation

C.3.

A =−1
2

δPO2,e f f

δ lnxv
= 1+

8xv,0(ψ +1)
4xv,0(ψ +1)− x

+
8xv,0(ψ +1)

1−4xv,0(ψ +1)
(C.2)

ψ =
xv− xv,0

xv,0
(C.3)

where PO2,e f f is the equilibrium oxygen partial pressure. Some modeling scenarios assume that

the bulk and surface vacancy concentrations are different. In such cases, Equation C.4 is used to

describe the relationship between the bulk and surface thermodynamic factors, where i can refer to

either vacancies or electrons.

Ad lnxi = Asd lnxi,s (C.4)

C.3.3 Porous electrodes

The experimental results were analyzed using a 1D macrohomogeneous model using the approach

proposed by Adler et al [263]. The phenomena considered in the model are shown in Figure C.6.

In addition, the model considers an increased surface vacancy concentration compared to that of

the bulk.

The dimensionless equations for the model are shown below. Equation (C.5) describes the

dimensionless vacancy balance. Vacancy fluxes, Nv, at the electrode/electrolyte interface (y=0) and

the electrode/gas interface (y=L) are used as the boundary conditions and are given by Equations

(C.6) and (C.7). Meanwhile, the dimensionless voltage is given by Equation (C.8).

δψ

δ t
= ∇ · [A∇ψ]− ri (C.5)
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Figure C.6: Schematic of the model system. Water is assumed to be reduced to H2 at the ceria

surface, consuming 2 e– and producing an oxygen ion in the bulk. Ion transport to the electrolyte

occurs through diffusion. Boundary conditions for ion transport are shown at the electrolyte/MIEC

interface (y=0) and current collector/MIEC interface (y=L)
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Nv,y=0 = A
(

δψ

δξ

)
ξ=0

= α cos(στ) (C.6)

Nv,y=1 = 0 (C.7)

U = ln
((1−4xv,0)

2(4xv,0(ψ +1)− x)2(ψ +1)
[(4xv,0− x)2(1−4xv,0(ψ +1))]2

)
ξ=0

(C.8)

where ξ is the dimensionless position, τ is the dimensionless time, σ is the dimensionless

frequency, α is the current perturbation amplitude, and ri is the reaction rate. The definitions for

each variable are given in Equations (C.9)-(C.12).

ξ =
y
L

(C.9)

σ = ωt∗ (C.10)

τ =
t

t∗
(C.11)

α =
i
i∗

(C.12)

where ω is the dimensional frequency and L is the electrode thickness. κ , dimensional charac-

teristic time (t∗), and current (i∗) are defined in Equations (C.13)-(C.15).

κ =
aτsℜiL2

xv0cODv(1− ε)A0
(C.13)

t∗ =
L2τs

DvA0
(C.14)

i∗ = 2F
xv0cO(1− ε)Dv

τsL
(C.15)
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Figure C.7: Schematic of a thin film. The left inset shows the model system assuming a uniform

film, while the right inset shows the model system when an ehnaced polaron (electron) concentra-

tion is observed. The surface region is shown in red.

where Dv is the bulk vacancy diffusivity, ε is the electrode porosity, τs is the electrode tortuosity,

cO is the concentration of oxygen vacancy sites, A0 is the thermodynamic factor evaluated at xv =

xv,0, and a is the electrode surface area.

C.3.4 Thin film models

The model system is shown in Figure C.7. A stirred tank approach proposed by Wilson et al [264]

was used to predict the non-linear harmonic response. Two scnearios were considered: one where

the surface and the bulk have the same composition and the other where bulk and surface have

different compositions. In contrast to the porous electrode model, electron concentration xe was

used as the state variable.

The electron balance of the uniform scenario is shown in Equation C.16, where χ is the di-

mensionless electron concentration perturbation, defined in Equation C.17. Meanwhile, xe0 is the

equilibrium electron concentration and xe is the electron concentration.

δ χ

δ t
= Ne,ξ=0−Ne,ξ=1 = α cos(στ)− ri (C.16)
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χ =
xe− xe,0

xe,0
(C.17)

The electron balance for the surface-enhanced scenario is shown in Equation C.18, where γ is

the fraction of the film that contains an increased concentration of electrons, χs is the perturbation

variable in the surface, and xe0,s is the concentration of electrons in the surface.

(1− γ)
δ χ

δ t
+ γ

xe0,s

xe0

δ χs

δ t
= Ne,ξ=0−Ne,ξ=1 = α cos(στ)− ri (C.18)

In addition to the 2 rate-limiting scenarios described previously, a third limiting step was ex-

plored in the thin film work. Such a step involves hydroxyl dissociation (step 2 in Mechanism 1)

as rate-determining.

C.4 Results and Discussion

C.4.1 Porous electrodes

EIS plots are shown in Figure C.8. At high frequency, an inductive tail attributed to electrical

connections appears as a line with a positive imaginary component. This is followed by 2 arcs:

a high frequency arc attributed to electrode-electrolyte interfacial processes and a low frequency

arc attributed to reactions and oxygen transport across the material. The chemical feature exhibits

a Gerischer-like (teardrop) shape feature at high hydrogen contents, attributed to a co-limitation

of vacancy diffusion and reaction kinetics [249]. As the hydrogen content decreased, the chem-

ical features started to adopt a semicircular-like shape. Such a shape can be attributed to kinetic

limitations at lower hydrogen contents, leading to the observed semicircular-like shape [263].

The change in shape as a function of decreased hydrogen content was included in the model

using an adjustable parameter called κ , defined as the ratio between the reaction and bulk vacancy

diffusion rates. Figure C.9 shows the effect of κ in the concentration profiles throughout the elec-

trode. When κ is small, the vacancy concentration throughout the electrode thickness is nearly

uniform and the electrode is kinetically limited. This is observed in EIS as a semicircular spec-

trum, shown in blue on Figure C.9. As κ increases, concentration gradients start to develop in the
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Figure C.8: EIS results for a porous electrode. Water is assumed to be reduced to H2 at the ceria

surface, consuming 2 e– and producing an oxygen ion in the bulk. Ion transport to the electrolyte

occurs through diffusion.
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electrode and a diffusion tail (45◦ degree straight line) appears at high frequency in EIS spectra.

Such a spectrum is shown in red. Finally, as κ approaches infinity, concentration gradients are

confined to the electrode/electrolyte interface and only a small portion of the electrode is active.

This manifests in EIS spectra as a Gerischer (teardrop-like) impedance, shown in green in Figure

C.9 [265].

Figure C.10 shows experimental NLEIS results with model fits for the 2 different reaction

scenarios proposed in Figure C.5. The left side of the figure shows plots for U22, the second

harmonic response. Meanwhile, the right side shows U33, the third harmonic response. In all

cases, phasor lines drawn from the origin to ωpeak/n are shown, where ωpeak is the frequency at

which the imaginary component of the EIS response reaches its maximum and n is the harmonic

number. For example n=2 for the second harmonic. The results show that Mechanism 2 can

capture the shape and qualitative trends of the experimental spectra. However, the model predicts

a smaller U22 response for yH2−−0.97 and yH2−−0.25. In addition, the model fails to capture the low

frequency behavior for U33, where the experimental spectra exhibit a low frequency tail in the first

quadrant. Further refinement of the model can be achieved by adding multidimensional transport,

as well as treating the surface as a double layer instead of just using a thermodynamic equilibrium

expression to describe surface enhancement. Another alternative involves performing experiments

on thin films. Such an approach would allow to characterize reaction kinetics without seeing the

effect of transport limitations. In addition to the models done for porous electrodes, work was

done in modeling impedance response on thin film electrodes and studying the effects of surface

enhancement in the system [249].

C.4.2 Thin film models

Figure C.11 shows the predicted EIS response for the 2 possible mechanisms. The response is

scaled such that the maximum value of the real component has a mangitude of 1. Both EIS spectra

have the same shape and magnitude, showing that it is not possible to distinguish between rate laws

by only looking at the linear response.

Figure C.12 shows predicted second and third harmonic responses for the different rate-limiting
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Small κ Large κ
Intermediate κ

Figure C.9: Effect of κ in impedance spectra and concentration profiles. The upper left corner

shows dimensionless Nyquist plots for different values of κ . Low κ is shown in blue, medium κ is

shown in red, and infinitely large κ is shown in green. The bottom left corner shows concentration

profiles for different values of κ . Areas shown in red have higher concentration of vacancies, while

areas with depleted vacancy concentration are shown in white.
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Figure C.10: NLEIS results for a porous electrode. In all cases, experimental results are shown as

symbols and model fits are shown as lines. The plots on the left show the second harmonic, while

those on the right show the third harmonic.
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Figure C.11: Scaled EIS results for the thin film models.

scenarios. The modeling results show that it is possible to distinguish between the 3 mechanisms

using NLEIS. Figure C.13 shows the effect of surface enhancement in the predicted spectra. Both

the hydroxyl dissociation-limited and Mechanism 1 scenarios show drastic changes in spectra

shape upon inclusion of surface enhancement. Meanwhile, Mechanism 2 exhibits minimal shape

differences, with the only changes occuring in the relative magnitudes of the real and imaginary

components. The changes that occur upon inclusion of surface enhancement are not affected by

the thickness of the surface layer [250].

C.5 Outlook

The work presented in this section provided a basis for the use of NLEIS towards characterizing wa-

ter electrolysis in high temperature ceramics. However, further refinements are needed. First, the

model used to describe water electrolysis cannot provide a good fit to the experimental results. The

model can be improved by including additional features such as multidimensional transport [265]

or developing a more accurate model for describing the surface behavior that takes space-charge

effects into account. In addition, an important assumption of the Adler-Lane-Steele model used

in this work is a unity electronic transference number [263]. However, doped ceria has non-unity

transference number in many of the experimental conditions used in this study [266]. Therefore, it
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Figure C.12: NLEIS results for a uniform, thin film model with A0 = 1.2. The upper plot shows

the predicted second harmonic and the bottom plot shows the predicted third harmonic response.

In all cases, the blue spectrum corresponds to Mechanism 1, the green spectrum corresponds to

Mechanism 2, and the red spectrum corresponds to the hydroxyl dissociation-limited scenario.
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Figure C.13: NLEIS results for a thin film model with enhanced electron concentration in the sur-

face with A0 = 1.2 and γ = 0.001. The upper plot shows the predicted second harmonic and the

bottom plot shows the predicted third harmonic response. In all cases, the blue spectrum corre-

sponds to Mechanism 1, the green spectrum corresponds to Mechanism 2, and the red spectrum

corresponds to the hydroxyl dissociation-limited scenario.
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is necessary to include gradients in electron chemical potential [263]. In addition, thin film experi-

ments are necessary to determine the likely rate-limiting step. The thin film model described in this

chapter provides further confirmation that NLEIS can distinguish between different rate-limiting

scenarios, as well as surface enhancement effects.
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