
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2017

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1572

Exploration of Non-Aqueous
Metal-O2 Batteries via In Operando
X-ray Diffraction

CHENJUAN LIU

ISSN 1651-6214
ISBN 978-91-513-0094-8
urn:nbn:se:uu:diva-330889



Dissertation presented at Uppsala University to be publicly examined in ITC 1211,
Lägerhyddsvägen 2, Uppsala, Friday, 24 November 2017 at 09:15 for the degree of Doctor
of Philosophy. The examination will be conducted in English. Faculty examiner: Professor
Laurence Hardwick ( University of Liverpool, Department of Chemistry).

Abstract
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Non-aqueous metal-air (Li-O2 and Na-O2) batteries have been emerging as one of the most
promising high-energy storage systems to meet the requirements for demanding applications due
to their high theoretical specific energy. In the present thesis work, advanced characterization
techniques are demonstrated for the exploration of metal-O2 batteries. Prominently, the
electrochemical reactions occurring within the Li-O2 and Na-O2 batteries upon cycling are
studied by in operando powder X-ray diffraction (XRD).

In the first part, a new in operando cell with a combined form of coin cell and pouch cell
is designed. In operando synchrotron radiation powder X-ray diffraction (SR-PXD) is applied
to investigate the evolution of Li2O2 inside the Li-O2 cells with carbon and Ru-TiC cathodes.
By quantitatively tracking the Li2O2 evolution, a two-step process during growth and oxidation
is observed.

This newly developed analysis technique is further applied to the Na-O2 battery system. The
formation of NaO2 and the influence of the electrolyte salt are followed quantitatively by in
operando SR-PXD. The results indicate that the discharge capacity of Na-O2 cells containing a
weak solvating ether solvent depends heavily on the choice of the conducting salt anion, which
also has impact on the growth of NaO2 particles.

In addition, the stability of the discharge product in Na-O2 cells is studied. Using both ex situ
and in operando XRD, the influence of sodium anode, solvent, salt and oxygen on the stability
of NaO2 are quantitatively identified. These findings bring new insights into the understanding
of conflicting observations of different discharge products in previous studies.

In the last part, a binder-free graphene based cathode concept is developed for Li-O2

cells. The formation of discharge products and their decomposition upon charge, as well as
different morphologies of the discharge products on the electrode, are demonstrated. Moreover,
considering the instability of carbon based cathode materials, a new type of titanium carbide
on carbon cloth cathode is designed and fabricated. With a surface modification by loading
Ru nanoparticles, the titanium carbide shows enhanced oxygen reduction/evolution activity and
stability. Compared with the carbon based cathode materials, titanium carbide demonstrated a
higher discharge and charge efficiency.
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1 Introduction 

Our modern society is becoming increasingly energy dependent. Approaching 
an age of diminishing petroleum resources as well as a changing climate have 
sparked global efforts to develop renewable energy supplies. Renewable 
sources like solar and wind energy have become more and more important in 
our global society. However, to realize a transition from fossil fuels to renew-
able energy sources, more reliable and efficient energy storage devices are 
required. The transportation sector is one of the major energy consumers. 
Therefore, one possibility to minimize the urban pollution and sustain our 
standard of living is the electrification of transportation, reducing CO2 emis-
sion and providing better energy security. Such a transition is underway with 
a more widespread appearance of electric vehicles (EVs) in the market where 
also plug-in hybrid vehicles have made their mark in the last years. The major 
issue for the development of EVs is related to a battery problem. The battery 
not only has to be safe to use, but also requires a high energy density to provide 
a driving range to cover most daily use. The battery should also be durable 
and cost-effective to make the electric vehicle market competitive.  

Nowadays, Li-ion batteries (LIBs) are the most popular battery systems on 
the EVs market since they have a higher specific energy (energy per unit 
weight, Wh kg-1), energy density (energy per unit volume, Wh L-1) and cy-
cleability compared to other battery types, e.g., nickel-metal hydride, nickel-
cadmium or lead-acid batteries.1,2 However, the storage capability of conven-
tional Li-ion batteries falls short of the ultimate needs of the EVs in the long-
term. In addition, one of the major issues in current Li-ion technologies is that 
the practical specific energy does not allow for further significant improve-
ments. The realization of pure EVs is heavily dependent on developing higher 
energy density batteries. Battery chemistries that do not, as the LIBs, operate 
by intercalation chemistry, such as Li-S and Li-O2 are often referred as “be-
yond Li-ion” (BLI), and offer opportunities to increase the specific energy 
beyond that of LIB. Consequently, an increasing amount of fundamental re-
search activity into improvement of current battery technologies and develop-
ment of new BLI technologies has recently been devoted to complete electri-
fication of road transport. Among all BLI chemistries, non-aqueous alkali 
metal-air systems, such as Li-O2 and Na-O2, with their high theoretical spe-
cific energy, have attracted interest from scientists as a promising alternative 
to overcome the limitations of LIBs. The application of non-aqueous metal-
air batteries in large scale stationary energy storage is equally relevant. 
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1.1 Lithium-oxygen batteries  
A Li-O2 battery can be aqueous or non-aqueous depending on the type of elec-
trolyte that is applied. In a typical non-aqueous rechargeable Li-O2 battery, the 
key redox chemistry is expected to involve a reversible deposition and decom-
position of Li2O2. During the oxygen reduction reaction (ORR) and the oxy-
gen evolution reaction (OER), the overall electrochemical reactions 2Li+ + 2e- 

+O2 ↔ Li2O2 (E° =2.96 V vs. Li+/Li) occur on the surface of the positive elec-
trode, with the forward reaction corresponding to discharge and the backward 
direction to charge. A sketch of such a Li-O2 system is shown in Figure 1. For 
the aqueous Li-O2 battery (in an alkaline electrolyte), the corresponding reac-
tions are 4Li+ + 4e- + 2H2O + O2 ↔ 4LiOH(aq). Although the reaction mech-
anisms look straightforward, the practical realization of Li-O2 batteries is still 
a big challenge. The non-aqueous Li-O2 battery was described for the first 
time by Abraham and Jiang in 1996 and was composed of a Li metal anode, a 
porous carbon cathode, and a polymer electrolyte.3 Thereafter, owing to its 
potential to provide a higher specific energy density than Li-ion batteries, in-
tensive research efforts have been dedicated to the understanding and over-
coming of main challenges towards practical use, such as undesired side reac-
tions, e.g. decomposition of electrolyte solvent and salts associated with low 
energy efficiency, high over-potentials, and a poor cycleability.1,4-6 Up to now, 
some promising progress has been achieved regarding improvement of the 
electrochemical performance of Li-O2 batteries during both discharge and 
charge.7,8 However, fundamental questions concerning the chemical and elec-
trochemical stability of all functional components during cycling remain.6,9-11   

Different from Li-ion batteries, it is difficult to define the real capacity of 
a Li-O2 battery. In most cases, the theoretical values are defined simply by the 
weight or volume of lithium and Li2O2,4,12 or by the weight of the porous cath-
ode material. Neither way is meaningful for a real Li-O2 battery as the capacity 
of the fully discharged cell is related to the amount of Li2O2 produced during 
discharge. The amount of Li2O2, however, depends on multiple parameters 
such as the surface area of the cathode, the solubility and morphology of 
Li2O2, and the diffusion of O2.13 A commercial Li-O2 battery does not exist 
yet, so it is difficult to state practical specific energy and energy density of 
viable Li-O2 cells. However, several works have reported gravimetric capaci-
ties of 1800–2800 Wh/kgpositive including the weight of the cathode and Li2O2 
in the discharged state .12,14-18 

A completely reversible formation and oxidation of Li2O2 is the key to un-
lock the realization of the technology. Due to many scientific and technologi-
cal challenges, the poor rechargeability is still, 21 years after the first Li-O2 
battery, one of the greatest challenges existing for the practical application. 
The highly reactive reduced oxygen species, such as O2

•, O2
- and HO•, formed 

and oxidized during cycling, tend to attack the electrolyte solvent, salts and 
cathode.19-24 This causes irreversible parasitic reactions that deplete the cell 
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components, passivate the cathode surface and compromise the reversible for-
mation-oxidation of Li2O2. All of these reactions will eventually lead to the 
death of the Li-O2 cell.25 In addition, due to the poor conductivity of the dis-
charge products, the low energy efficiency and high discharge-charge overpo-
tentials have become difficult issues to solve.9,26,27 Furthermore, the lack of an 
efficient O2 electrode design is still a serious issue.28,29 Finally, the basic fun-
damental mechanisms for discharge and charge are still debated among many 
of the researchers in this field.13,20 

 
Figure 1. A lithium-oxygen battery configuration with a porous cathode and a lith-
ium metal anode. 

The mechanisms for discharge and charge in Li-O2 batteries are still in dispute 
due to the wide range of experimental observations from different research 
groups. In non-aqueous Li-O2 batteries, it is widely believed that the dominat-
ing electrochemical reactions are taking place via the following reactions (1-
4).30-32 

 

Li ↔ Li+ + e-                                                             (1) 

O2
 + e-  ↔ O2

-                                                            (2) 

Li+ + O2
- ↔ LiO2                                                                                     (3) 

Li+ + e- + LiO2 ↔ Li2O2
                                           (4a) 

2 LiO2 ↔ Li2O2+ O2                                                   (4b) 
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The ORR starts with a one electron reduction of O2 to O2
-, reaction (2). The 

O2
- reacts with Li+ ions rapidly to form LiO2, reaction (3). The formed LiO2 

can either be further electrochemically reduced to Li2O2 at cell voltage (E°) of 
2.96 V vs. Li+/Li, reaction (4a), or spontaneously disproportionate, reaction 
(4b). So far, no kinetic measurements have been able to distinguish between 
these two reactions. Recently, some studies have identified a Raman peak at 
~ 1125 cm-1 as an indicator for the formation and decomposition of LiO2-like 
species in discharged samples. 32-34 Other studies, however, suggest that the 
same Raman shift can be instead ascribed to the decomposition of polyvinyl-
idene fluoride (PVDF) binder, which is commonly used in the cathode, during 
discharge. 13,27  

Recently, it has been reported that the morphology of Li2O2 is related to 
several factors, e.g., the discharge current, the capacity, the solvent, the cath-
ode materials as well as the electrocatalysts.35-39 In general, two major types 
of morphologies were observed during discharge, namely thin films and large 
particles (toroid, disc or sphere) of Li2O2, which are determined by the reaction 
mechanism during discharge. An electrode surface- or a solution-based pre-
cipitation mechanism are the two main reactions in which either a Li2O2 film 
or large toroidal Li2O2 particles are formed during discharge. A Li2O2 thin film 
of ~ 2-10 nm thickness has been observed by McCloskey et al. on low surface 
area glassy carbon cathodes at sudden death of discharge.  26,30 On the other 
hand, the toroidal Li2O2 morphology with several hundred nanometer sized 
particles has been reported by many researchers in experiments using various 
types of carbon cathodes.17,35,40-43 The thickness of thin films and the size of 
large particles depend on the discharge current and are intimately connected 
to the electrical passivation of the electrode. In addition, electrolyte solvents 
with high Gutmann Donor Numbers (DN), a measure of Lewis basicity, can 
strongly affect the Li+ stability in solution, the solubility of O2

- and thus pro-
mote the growth of Li2O2 toroid via a solution precipitation pathway associ-
ated with large discharge capacities.31,36,44 

The mechanism of charge (OER) is also complex and disputes still remain 
within this field. Most authors suggest that Li2O2 is likely to decompose to Li+ 
and O2 by a direct simultaneous 2 e- reaction, as in reaction (5), without par-
ticipation of a LiO2 intermediate.31,32,45 
 

Li2O2 → 2Li+ + 2e- + O2                                                                    (5) 

 
Based on the charge voltage profile a more complicated sequence of reac-

tions can be anticipated. Usually, the charge voltage profile can be divided 
into three stages. The first stage is a sloping region associated to the surface 
properties of Li2O2, which reflects the decomposition of the outer part of Li2O2 

particles via a solid solution route to form LiO2 like species on the surface, i.e. 
reaction (4a).46 This LiO2 like outer surface is active, which could facilitate 
nucleophilic attacks on electrolyte molecules or other components (such as 
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carbon, salts, binder etc.) of the electrode. It was suggested that the mid over-
potential-region (second stage of charge) is the bulk Li2O2 oxidation according 
to reaction (6), possibly followed by the disproportionation reaction (4b) to 
evolve O2.40,46,47 
 

2Li2O2 → 2LiO2
 + 2e- + 2Li+

                                                      (6) 

 
The third stage is marked by a sudden increase of the charge potential, as 

demonstrated by McCloskey et al., and is related to the decomposition of the 
side products, which were formed by a chemical reaction of Li2O2 with the 
carbon substrate and the electrolyte.48 The study of OER mechanism is still 
heavily disputed and the puzzling LiO2 intermediate remains elusive in exper-
iments. 

1.2 Sodium-oxygen batteries  
Besides Li-O2 batteries, there is also an emerging interest in Na-O2 batteries. 
The Na-O2 battery is based on similar principles as the Li-O2 battery with the 
difference that Na is applied as the anode instead of Li. Compared to the Li-
O2 battery system, the Na-O2 battery system has a lower theoretical specific 
energy density (1605 or 1108 W h kg-1 considering Na2O2 or NaO2 as dis-
charge products, respectively, based only on the mass of active materials). 
However, owing to its lower charge overpotential, the Na-O2 batteries may 
gernerate a higher energy efficiency.49 In addition, the obvious advantage of 
Na over Li is its lower price due to abundant, almost unlimited resources.  

Studies of Na-O2 batteries were sparked by Peled et al. who reported the 
first functioning Na-O2 battery in 2011 by using a molten sodium anode at 
high temperature (more than 100 °C).50 Later on, Sun et al. introduced the first 
room temperature Na-O2 battery51 and several fundamental studies of its cell 
chemistry at room temperature have been reported since then.52-56 However, 
further development of metal-O2 batteries is generally restricted by the lack of 
understanding of the working mechanism.20,56 In the non-aqueous Li-O2 bat-
tery, Li2O2 is the main discharge product that has been unequivocally detected 
at the cathode.13 However, in the case of Na-O2 batteries, the situation is less 
clear. A wide range of discharge products that have been observed does not 
allow to pinpoint a single main discharge product.57 With similar standard po-
tentials of formation (E° NaO2 = 2.27 V vs. Na+/Na, E° Na2O2 =2.33 V vs. 
Na+/Na) but different number of electrons transferred, both NaO2 and Na2O2 
have been identified as the discharge products.58 In addition, a hydrated form 
of Na2O2 (Na2O2 · H2O) has also been reported as the discharge product in 
some studies.59,60 By means of in operando X-ray diffraction (XRD), Pinedo 
et al. observed that NaO2 forms in dried oxygen gas, while Na2O2 · H2O forms 
in oxygen atmosphere contaminated with moisture.61 Determined by Ortiz-



 18 

Vitoriano et al., NaO2 was the only discharge product with 0.1 M 
NaClO4/DME as the electrolyte and Na2O2 · H2O was not detected during dis-
charge with up to 6000 ppm of H2O added into the electrolyte.62 The underly-
ing reason for these divergent results is not completely clear yet.49 Further 
efforts are required to understand the key parameters governing the growth 
mechanism of the large NaO2 cubes that have been reported in a number of 
studies.52,58,63 In ether based electrolyte, the reversible electrochemical reac-
tions can be described as following: 

 
Na ↔ Na+ + e-                                                                       (7) 

 

O2
 + e-  ↔ O2

-                                              (8) 
                        

Na+ + O2
-
 ↔ NaO2                                                                 (9) 

 
Also in this system, large cubic NaO2 crystals have been detected. Previous 

works have proposed that the mechanism of cubic NaO2 growth follows a so-
lution precipitation route, where the O2

– is solvated after reduction on the elec-
trode surface and precipitates together with sodium ions upon saturation.53,64 
An alternative route is called the surface mechanism, which is defined by a 
surface confined growth. As experimentally proven by Hartmann et al.53, since 
the discharge product NaO2 is soluble in the electrolyte, the nature of electro-
lyte solvents can affect the discharge mechanism strongly, much like in Li-O2 
batteries, where higher DN of electrolytes induce higher discharge capacities. 
According to the in situ surface-enhanced Raman spectroscopy measurements 
from Aldous et al., solvents with low DN prefer the surface mechanism to 
form Na2O2, while high DN can promote the formation of NaO2 as discharge 
product via a solution precipitation pathway.65 Later on, Lutz et al. have found 
that solvents with higher solubility of NaO2 do not necessarily lead to higher 
capacities. The mass transportation of soluble discharge products and the sol-
vent-solute interaction appear to be crucial for the growth of NaO2 crystals.66 
Overall, the underlying reason for all of these divergent results is not yet clear 
and further efforts are required to understand the key parameters governing 
the growth mechanism of the large NaO2 cubes reported in a number of stud-
ies.52,58,63  

1.3 Quantitative definitions of Li-O2 and Na-O2 
rechargeability 

The experimental characterization of the rechargeability of Li-O2 and Na-O2 
(metal-O2) batteries, in contrast to LIBs, requires approaches different from 
simple tracking of the Coulombic efficiency due to a more extensive parasitic 
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chemistry/electrochemistry. It is well known that galvanostatic charge-dis-
charge measurements do not provide enough information regarding recharge-
ability of the metal-O2 battery, as many galvanostatic cycles may have been 
dominated by solvent decomposition.67-70 Therefore, without any quantitative 
evidence, it is impossible to accurately evaluate the rechargeability of the 
metal-O2 system to find out to what extend parasitic reactions occur during 
cell cycling. A direct way to determine the rechargeability of the metal-O2 

system is to quantitatively track the evolution of the discharge products in each 
cycle.  
    Recently, the identification of the discharge products, such as Li2O2 or NaO2 
has been achieved by removing the positive electrode from the metal-O2 cell 
after “deep discharge” and investigating the sample by ex-situ XRD, Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier-transform in-
frared reflection (FTIR) and nuclear magnetic resonance spectroscopy 
(NMR).15,51,71-76 However, artifacts from the sample preparation are difficult 
to avoid and the information on the dynamic mechanism of Li2O2 or NaO2 

formation and oxidation cannot be obtained in this way. In situ and in oper-
ando techniques with their feature of collecting data during electrochemical 
cycling without unpacking the cell, can provide important insights into the 
mechanism of the Li2O2 or NaO2 evolution and the detailed kinetics of the 
electrochemical reactions.61,77-79 As long as the crystallinity of Li2O2 or NaO2 
can be ensured, a study of the quantification of metal-O2 batteries by in situ or 
in operando XRD is feasible. Until now, only a few studies have successfully 
performed in situ or in operando measurement by in-house XRD to investigate 
the formation and decomposition of Li2O2 or NaO2.61,80 However, due to the 
limited X-ray intensity of in-house XRD and the poor scattering ability of 
Li2O2, a long irradiation time is required and the kinetic information during 
the process is lost. With higher X-ray intensity and time resolution, synchro-
tron radiation powder X-ray diffraction (SR-PXD) enables the recording of 
structural changes and electrochemical information in real time and in detail. 
It has significantly benefited our understanding of the structural evolution of 
electrodes during electrochemical cell cycling. In addition, in operando stud-
ies can provide us with an efficient, accurate and reliable evaluation for the 
electrochemical reactions without introducing artifacts from ex situ measure-
ments.  

1.4 The scope of this thesis 
The scope of this PhD thesis is to understand and improve the stability of Li-
O2 and Na-O2 batteries. The studies initially center around the Li-O2 system, 
and are later extended to the Na-O2 system. To determine the true underlying 
electrochemical performance and understand the working mechanism of the 
metal-O2 battery, a quantitative analysis method is crucial. Hence, the thesis 
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work primarily focused on the development of in operando quantification 
methods to understand the efficiency of the Li-O2 batteries. In order to get 
both kinetic and quantitative information of the evolution of  Li2O2 during both 
discharge and charge in Li-O2 batteries, a new in operando cell combining 
features of coin cells and pouch cells is designed. The combination of applying 
in operando SR-PXD and Ultraviolet-visible (UV-Vis) spectroscopic analysis 
at different steps during cycling provides reliable results for the evaluation of 
the efficiency in Li-O2 batteries. Thereafter, the underlying mechanism for the 
Li2O2 evolution is investigated (Paper I). In operando synchrotron XRD is 
also applied to investigate the battery performance of the Li-O2 cells with Ru-
TiC cathode during a full cycle. The stability of the Ru-TiC cathode with re-
spect to its surface properties is also studied (Paper II). 

Based on the quantitative techniques developed for the Li-O2 system, the in 
operando work is extended to the Na-O2 system. In Paper III, the formation 
of NaO2 has been quantitatively tracked by in operando SR-PXD and the in-
fluence of the choice of electrolyte salt is studied. Paper IV focus on revealing 
the main factors that influence the stability of the discharge product in Na-O2 
batteries and try to resolve the conflicting observations in previous studies. 

Paper II and Paper V aims to design an electrochemically stable cathode 
and study the efficiency for Li-O2 batteries. In addition, the stability of a high 
surface area graphene based cathode material is demonstrated in Paper V. 

A quantitative understanding of the underlying chemical processes is es-
sential to be able to fully explore the effect of different catalysts, solvent ad-
ditives, or salts for an informed battery design. In a longer perspective, a better 
understanding of the Li2O2 or NaO2 growth and oxidation gained from this 
work will prove beneficial for improving the battery performance. 
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2 Methodology 

2.1 Material Synthesis  
2.1.1 Preparation of conventional electrodes 
The conventional Super P electrodes (used in Paper V) were prepared by mix-
ing Super P carbon (Erachem Comilog) and PVDF (Arkema) with a weight 
ratio of 9:1 in N-methylpyrrolidone (NMP) solvent and casting on an Al mesh. 
The carbon nanotube paper electrodes (used in Paper I) were purchased from 
Nano Tech Labs. The papers were punched into 13 mm diameter disks and 
dried under vacuum (at 120℃ for 24 h). The weight of each electrode was 
about 2.5 mg. Binder-free carbon paper (GDLs, H2315, Quintech) electrodes  
were used as cathode material (in Paper III and Paper IV), which were 
punched to 12 mm in diameter, heated at 900 ℃ for 3 h under 5% H2/Ar, and 
then transferred into the glovebox for further drying at 300 ℃ for 24 h under 
vacuum. 

2.1.2 Preparation of GF@Al electrodes 
The binder-free GF@Al electrode (used in Paper V)  was prepared based on 
a substrate-assisted reduction and assembly of GO (SARA-GO) method.81 The 
synthesis process is illustrated in Figure 2. First, a clean Al foam (3.2 mm 
thick, 93% porosity, GoodFellow) was pre-punched into a diameter of 12 mm 
and  exposed to 3 mL of 1 g L-1 GO aqueous dispersion (Sigma-Aldrich) for 
12 h at ambient conditions (step i in Figure 2). GO was then formed as a gel 
network on the Al foam. An ice-segregation-induced self-assembly technique 
was applied to the GO gel to obtain 3-D  macroscopic structures.82 For this, 
the sample was immersed into liquid nitrogen for several minutes until the gel 
was fully solidified. The Al foam containing the frozen gel was then placed in 
a freeze dryer (temperatures below -52	℃ can be reached) for 48 h to remove 
the ice crystals and generate a porous structure. Thereby, a 3-D GO/reduced 
graphene oxide (rGO) network (step ii in Figure 2) was constructed. To ther-
mally reduce the GO, a low-temperature exfoliation approach (at 300	℃ for 
24 h) under vacuum (< 10-2 mbar) was applied to anneal the samples (step iii 
in Figure 2).83 After being thermally reduced and dried, the GF@Al elec-
trodes were directly used as O2 electrodes in Li-O2 batteries.  
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The amount of reduced graphene oxide in each of those electrodes was 
about 0.4 mg. The uncertainty of this value is large due to the much larger 
weight of the aluminum substrate. To estimate the largest error in this value, 
all the GO in the solution was assumed to be 100% reduced to stay on the Al 
foam. In this case, the highest mass of the produced graphene would be 1.5 
mg. To estimate the specific capacities, both the actually measured, but rather 
uncertain, values of the mass and the maximum theoretical mass of graphene 
were used in the result section of Paper V. A more useful value for the capac-
ity is based on the total mass of the Al foam-rGO electrode. 

 
Figure 2. Schematic illustration of the assembly process and the architecture of the 
obtained freestanding GF@Al electrode. 

2.1.3 Synthesis of the TiC NAs and the Ru-TiC NAs/CT  
The strategy for fabricating TiC nanowire array on a carbon textile (TiC 
NAs/CT) cathodes is illustrated in Figure 3. Ni(NO3)2·6H2O (30 mg) and 
NaCl (58 mg) were dissolved in 10 mL of ethanol under vigorous stirring. 
TiO2 (160 mg, < 50 nm) powder was then dispersed into the above solution 
by 1 h ultrasound exposure to form a homogeneous Ni–Ti–Cl emulsion. Then, 
300 mg of carbon cloth (pre-punched into 13 mm diameter) was added into 
the emulsion. After magnetic stirring overnight, the carbon cloth, soaked with 
the emulsion, was transferred into an oven and dried at 60 ℃ for 2 h to remove 
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ethanol. With precursors being loaded onto the textile surface, the carbon cloth 
was placed between two slices of titanium foam in a graphite crucible covered 
with a lid. The sample was heated to 1250 ℃ with a ramp of 5 ℃	min-1, kept 
at this temperature for 3h in pure Ar (100 sccm), and further calcined for 3h 
under a continuous gas mixture of 5% H2/95%Ar flow (5 sccm /95 sccm) to 
reduce the possible intermediate TiOx into TiC.  

 
Figure 3. Schematic illustration of the preparation TiC NAs/CT electrode. 

The surface of the as-prepared TiC NAs/CT is decorated by Ru nanoparti-
cles (Ru-TiC NAs/CT) via an impregnation method. The as prepared TiC 
NAs/CT was immersed into 1 mg mL-1 RuCl3 (Alfa Aesar) ethanol solution 
overnight. The obtained electrode was dried in air and calcined at 300°C for 
3h under a gas mixture of 5% H2/95%Ar flow at 100 sccm.  

2.1.4 Preparation of electrolytes, separators and anode 
Dimethyl sulfoxide (DMSO), 1, 2-dimethoxyethane (DME) and diglyme (G2, 
>99.5%, Sigma-Aldrich) solvents were dried over 4Å molecular sieves 
(Sigma-Adrich) for more than one week before use. The electrolyte salts were 
stored in an Ar-filled glovebox. Lithium perchlorate (LiClO4, 99.99%, Al-
drich), lithium bis(trifluoromethane)sulfonamide (LiTFSI, 99.95%, Aldrich), 
Sodium triflate (NaOTf, 98%, Aldrich) and sodium hexafluorophosphate 
(NaPF6, 98%, Aldrich) were dried at 120℃ for 24h under vacuum before use. 
All electrolytes used in this thesis were prepared in a glovebox. Determined 
by Karl-Fisher titration, the water contained in any electrolyte was less than 
20 ppm.  

Two different types of separators were used in this thesis: Whatman glass 
fiber QM-A and Solupor. Glass fiber and Solupor foils were punched into 13 
mm and 17 mm diameter discs and dried at 120℃	and	80℃ for 24h under 
vacuum, respectively. Lithium was punched into 11 mm and 15 mm diameters 
discs for Swagelok and in operando cells, respectively.   
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2.2 Cell designs and battery assembly 
For the electrochemical performance measurements, two types of two-elec-
trode cells were applied: Swagelok type cells and homemade in operando 
cells.  

2.2.1 The Swagelok cell 
The Swagelok cell, used in this thesis, is shown in Figure 4 with a Swagelok 
tube fitting design. The cell consists of two nuts, two stainless pistons (a hol-
low one and a solid one), two sets of nylon ferrules, a standstill body, and a 
piece of polytetrafluoroethylene (PTFE) membrane. Experiments were con-
ducted with an anode (Li metal foil anode: 11 mm in diameter, 0.25 mm thick; 
sodium metal foil anode: 12 mm in diameter and about 0.5 mm in thickness), 
one or two pieces of glass fiber or Solupor separator (13 mm in diameter), the 
as-prepared cathode and 50-200 µL electrolyte.  

 
Figure 4. A disassembled Swagelok cell, which included two nuts, two stainless 
steel pistons (a hollow one and a solid one), two sets of Nylon ferrules, a union 
body, a piece of PTFE membrane and a spring to the left. To the right a Swagelok 
cell in a glass vessel filled with pure O2. 

2.2.2 The in operando cell 
The specifically designed in-house Li/Na-O2 XRD cell was used for in oper-
ando XRD measurements. It allows X-rays to penetrate the cell so that the 
XRD measurement can be conducted in transmission mode during the battery 
cycling. The cell hardware consisted of a standard coin cell (size 2025, Hohsen 
Corp) with a hole at the center (for X-rays to pass through) and eight small 
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holes at 5 mm distance from the center on the case (the cathode side, for better 
oxygen diffusion), and a hole at the center of the spacer.  On the lid (anode 
side) of the coin cell, the hole was sealed by a thin layer of known amount of 
Si on a Kapton film, as a XRD reference and for prevention of oxidation of 
the Li or Na metal. The coin cell construction is shown in Figure 5. The cell 
consisted of an as-prepared cathode (13 or 12 mm diameter), a double-layer 
Solupor or a single layer of glass fiber separator (17 mm diameter) soaked 
with excessive electrolyte and a lithium or sodium foil disc (15 or 14 mm in 
diameter) as the anode.  The assembled coin cell was then sealed in a “coffee 
bag” (aluminum pouch cell) which was equipped with a gas pipe with a quick 
connecter, as shown in Figure 5. The volume of the glass vessel for Swagelok 
and the coffee bag excluding the cell was ~250 ml and ~15 ml, corresponding 
to ~11 mmol and ~0.7 mmol of O2 (~ 1 bar, research purity), respectively. 
Usually, during discharge, the amount of O2 consumed would be 0.02-0.10 
mmol. Therefore, the supplied O2 gas in the coffee bag was sufficient for the 
measurements and the O2 pressure would only change slightly upon measure-
ments. 

 
Figure 5. Schematic view of the Li-O2 cell for in operando XRD analysis. 

All cells were assembled and sealed in an Ar-filled glovebox and trans-
ferred out and filled with pure O2. The cells were at rest for 5 hours before 
testing. All tests were performed at room temperature. 

2.3 UV-Vis spectroscopic quantification 
The UV-Vis analysis of the Li2O2 and NaO2 contents in the discharged cath-
odes was based on a spectroscopic method for the determination of H2O2.84 
The extracted cathodes were sealed inside a vial and taken out of the glovebox 
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and quickly injected with the Ti(IV)OSO4 aqueous solution, where H2O2 
would form from the reaction between NaO2 or Li2O2 and H2O via the follow-
ing reactions: 2NaO + 2H O → H O + O + 2NaOH                          (10) 		Li O + 2H O → H O + 2LiOH                                     (11)                   

The H2O2 subsequently reacts with Ti(IV)OSO4 to form a yellow 
H2Ti(IV)O4 complex which gives rise to a  broad UV-Vis absorption peak 
around 405 nm.85 The reaction scheme is as follows: Ti + H O + 2H O → 4H + H TiO                             (12) 

Since no commercial NaO2 was available, a given amount of commercial 
Li2O2 was used to establish a calibration curve. A linear relationship between 
the concentration of Li2O2 and the absorbance of the H2Ti(IV)O4 was obtained 
as shown in Figure 6. Based on the calibration curve, a quantification of the 
amount of Li2O2 and NaO2 can be obtained.  

 
Figure 6. a) The absorption spectra of [Ti(O2

2-)]2+ complex originating from the re-
action between the Ti(IV)OSO4 solution and commercial Li2O2 of different concen-
trations. b) The calibration absorption curve of the H2Ti(IV)O4 complex derived 
from a).  

The yield of Li2O2 or NaO2 (YMO) is therefore calculated by the following 
equation: Y = m , m ,                                           (13) 

Here m ,  and m ,  represent the amount of Li2O2 or NaO2 detected by 
spectroscopic measurements and by theoretical calculation from a 2 e-/Li2O2 

process with the reaction of 2Li+ + 2e- +O2 → Li2O2 in Li-O2 batteries or from 
a 1 e-/NaO2 process with the reaction of Na+ + e- + O2 → NaO2 during discharge 
in Na-O2 batteries, respectively.  



 27

2.4 Powder X-ray diffraction 
In this thesis, the as-prepared materials were analyzed by powder XRD, SEM, 
TEM, Raman and FTIR and UV-Vis spectroscopy. The main characterization 
method for determining the composition and amount of reaction products was 
powder X-ray diffraction. As the name suggests, the technique makes use of 
the crystal (and thus sample) specific diffraction of X-ray radiation. When an 
incoming wave passes through a set of obstacles or slits, diffraction can be 
observed. For crystalline materials, the crystallographic planes are separated 
at a certain fixed distance and periodically repeated – an atomic scale diffrac-
tion grating. Thus, X-ray radiation can be utilized to study the atomic structure 
of a crystalline material. The interaction of the electron cloud surrounding the 
atomic nuclei with the incident X-ray will generate interference pattern. The 
interplanar distance, d, can be determined from the observed diffraction pat-
tern using Bragg’s law:  
 

     2 	 =                                               (14) 

The relation dictates that X-rays of given wavelength λ will diffract to a 
given diffraction angle θ for a diffraction lattice of spacing d. In case no mono-
crystalline sample is at hand, or in the extreme, the sample is a powder con-
sisting of many microscopic crystals, no distinct diffraction spots can be de-
tected. The random orientation of the micro-crystals leads to a superposition 
of a large number of randomly rotated images of the sharp diffraction pattern 
obtained for a corresponding monocrystalline species. Thus, diffraction rings 
rather than spots are detected. Circular integration of the diffraction pattern 
yields the radially dependent scattering cross-section which can (via Braggs 
law) be related to the sample’s cell parameters. 

XRD measurements can be performed in reflection or transmission mode. 
The choice of mode will affect the obtained pattern, and therefore the choice 
of detection method is of importance when designing the experiment. While 
thick specimens and weak X-ray sources call for detection in reflection mode, 
strong X-ray sources and thin samples allow for efficient detection of XRD 
patterns also in transmission mode. 

In this thesis, the ex-situ XRD analyses were carried on an in-house STOE 
diffractometer with Cu Kα1 radiation at 45kV and 40mA. In operando SR-
PXD measurements were performed at beamline I711, MAX II synchrotron 
with a wavelength (λ) of 0.994 Å at MAX IV Laboratory in Lund, Sweden 
(Figure 7) and at beamline P02.1 with a wavelength (λ) of 0.207 Å at the 
DESY synchrotron in Hamburg, Germany. All in operando cells were meas-
ured in a transmission mode. The diffraction rings were collected by an area 
detector at synchrotrons facilities (Figure 7 and Figure 8). LaB6 was used to 
calibrate the diffraction parameters of the instrument.  
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Figure 7. (a) Components of an in operando Li-O2 cell, (b) assembled in operando 
Li-O2 cell at the synchrotron beamline and (c) SR-PXD set up at beamline I711, 
Lund. 

  
Figure 8. An assembled Na-O2 cell mounted at synchrotron beamline P02.1 at 
DESY synchrotron in Hamburg, Germany. 
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To minimize the X-ray beam damage during the synchrotron experiment, a 
measurement scheme with short exposure and long waiting time was applied. 
Considering the small beam size and the size of reaction products formed, the 
diffraction experiment was conducted in a  oscillation mode to cover a suf-
ficient amount of particles to be representative. The diffraction rings were col-
lected with a 2-dimensional detector. These collected patterns were converted 
into plots of intensity vs. 2  by the software Fit2D. To quantify the amount of 
reaction products that formed during the discharge and decomposed during 
the charge, a known amount of Si was introduced into the in operando cell, as 
shown in Figure 5. When the X-ray penetrate the operating cell, the diffrac-
tion from the Si and the discharge products can be detected simultaneously. In 
a Rietveld refinement software e.g. Fullprof, the weight ratio between the de-
tected Li2O2 or NaO2 and the Si can be obtained. Figure 9 shows one example 
of the diffraction fitting from the Rietveld refinement. Since Si is independent 
of the electrochemical reactions and the mass of it will be constant, thus the 
mass of the reaction products can be calculated.  

 
Figure 9. A refined SR-PXD diffraction pattern by Fullprof. 
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3 Results and discussion 

In this chapter, the main findings from the appended papers and some un-
published work are presented as a concise summary. The results can be 
roughly divided into three main subsections; 

In the first section, a new in operando SR-PXD method for gaining a quan-
titative understanding of the reversibility of the Li-O2 reactions is introduced. 
In Paper I, the Li2O2 formation and decomposition during battery cycling are 
investigated to explore the evolution mechanisms of Li2O2 during the cell cy-
cling. 

For the second section, based on the quantitative method that was devel-
oped in Paper I, the real-time formation of NaO2 is tracked in Na-O2 batteries. 
In Paper III, the impact of conductive salt on the chemical nature of the prod-
ucts is demonstrated by means of in operando SR-PXD. In Paper IV, the 
evolution of the NaO2 in various environments is analyzed.  

The third section addresses the design, synthesis and characterization of 
cathode materials for Li-O2 batteries. Two different types of cathode materials 
are investigated in detail in Paper II and Paper V. In order to improve the 
stability of the cathode, a new type of TiC-based cathode is developed as a 
suitable alternative to carbon based cathodes in Paper II.  With the ambition 
to design a high capacity cathode, graphene is investigated as cathode material 
in paper V. 

3.1 The growth and decomposition of Li2O2  
Quantitative measurements of electrochemical reactions and their relationship 
to the discharge/charge current is key to evaluate the reversibility and to cal-
culate the Coulombic efficiency of a metal-O2 battery. One of the critical chal-
lenges in the development of high-performance Li-O2 batteries is to under-
stand the formation and decomposition of Li2O2 during battery cycling. There-
fore, the evolution of Li2O2 was investigated in this thesis by in operando SR-
PXD.  
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3.1.1 The quantification of Li2O2 
Figure 10 shows a section of the SR-PXD patterns for a CNT electrode in a 
Li-O2 cell collected during the first discharge and charge with a limited capac-
ity of 1.0 mAh cm-2 at a constant current density of 0.15 mA cm-2 using an 
electrolyte of 0.25 M LiTFSI in DME (results from Paper I). The appearance 
and disappearance of the diffraction peaks at 2θ ~21.1º and 22.4º correspond-
ing to (100) and (101) reflections of Li2O2 (ICSD # 25530) prove the electro-
chemical formation and decomposition of Li2O2 during the discharge and 
charge processes. The reflection peak from Si (111) (ICSD # 51688) was ob-
served as a reference to quantify the mass of Li2O2. Due to a temporary loss 
of the beam, diffraction patterns were not collected within the gap region 
shown in Figure 10.  

 
Figure 10. In operando SR-PXD patterns in 17.5-23º of 2θ during the first discharge 
and charge with limited capacity of 1.0 mA h cm-2 at a constant current density of 
0.15 mA cm-2. The gap in the 3D plot corresponds to an unexpected beam loss. 

Figure 11a shows the corresponding voltage profile of the cell in the first 
cycle. The mass evolution of Li2O2 related to its growth/decomposition is 
shown in Figure 11b, where two linear regions are observed during the 
growth of Li2O2. During these periods, the reaction can be assumed from the 
following equation to quantify the corresponding rate constant: 
 = +                                        (15)  
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 Where M0 	and	M 	are the detected weight of the Li2O2 before and 

after the discharge/charge time t (h), and  (mg h-1) is the rate constant of 
Li2O2 formation. The rate constant of Li2O2 formation for the first discharge 
stage is =	0.147 mg h-1. A lower formation rate ( =	0.108 mg h-1) is 
obtained for the second discharge step, much lower than the theoretical for-
mation rate ( = 0.171  mg h-1). This indicates that a two-step Li2O2 

growth exist within the two observed time periods. However, it could also 
indicate that more parasitic reactions occur when the discharge continues. 

 
Figure 11. Galvanostatic discharge-charge curve of Li-O2 cells with CNT electrode 
(a), the evolution of the Li2O2 mass (b) and the average domain size (c), as a 
function of time at a current density of 0.15 mA cm-2. Due to beam loss, no 
diffraction data was collected from the time 9 to 10 hours. 
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3.1.2 Growth and decomposition of crystalline Li2O2 
The evolution of the crystalline Li2O2 growth was further studied by fitting an 
anisotropic Lorentzian size broadening (spheric harmonic) model to the dif-
fraction pattern using Fullprof. The results are summarized in Figure 11c. 
During the first discharge step, the average Li2O2 domain size sharply in-
creased to 170 nm with the growth along both [100] and [101] directions. The 
average domain size is then reduced to 120 nm, with the size along the [101] 
direction unchanged while that along the [100] direction decreased during the 
second discharge step. These observations indicate an anisotropic growth of 
Li2O2. This behavior also indicates a different growth mechanism of Li2O2 

during discharge. The reasons for the slower formation of Li2O2 during the 
second discharge stage may be explained in two different ways: (i) the nucle-
ation of new Li2O2 crystallite plates could introduce defects (such as grain 
boundaries, vacancies, dislocations, etc.) into the Li2O2 particles. Serving as 
active sites, these defects might lead to parasitic reactions, such as the decom-
position of electrolyte. Thus, less growth of Li2O2 was observed; (ii) during 
the later stage of discharge, growth of new crystallite plates into the empty 
spaces or grain boundaries in the [100] direction becomes more difficult as the 
average Li2O2 domain size decreases in [100] direction.  

During the charge process, the oxidation voltage increased rapidly during 
the first step (stage I, Figure 11a) with only about 30 % of the total produced 
Li2O2 being oxidized by a decomposition rate of = 0.069	mg h-1. During 
the second step (II), a higher oxidation rate of Li2O2 ( = 0.158	mg h-1) was 
observed, which is close to the theoretical decomposition rate of Li2O2 

( = 0.171 mg h-1). The slow decomposition of Li2O2 at the first charge 
step implies that some of the current did not originate from the Li2O2 crystal-
line decomposition, but instead came from parasitic reactions generating side 
products such as Li2CO3, HCO2Li, CH3CO2Li, etc.15 After the decomposition 
of the surface impurities in Li2O2, far fewer parasitic reactions occurred during 
the second charge step for the oxidation of bulk Li2O2.  

By following the shape evolution of the (100) and (101) reflections during 
the charge process, two steps of the domain size evolution can also be ob-
served. As seen in Figure 11c, the domain size in the [100] direction is in-
creasing significantly while the size along the [101] direction is only slightly 
increased during the first charge stage. This indicates that the decompositions 
of the small Li2O2 crystals mainly occurs in [100] direction during this step, 
so that the average domain size increases dramatically. During the second 
charge step, the domain size in both directions decreased sharply, followed by 
a very slow change during the final stage. In addition, the domain size in the 
[100] direction changed much faster than that in [101] direction, indicating 
that Li2O2 particles have a higher activity in the [100] direction than in the 
[101] direction, or that the edges are exposed to the electrolyte because the 
disc faces are stacked together. The sharp decrease of the average domain size 
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in both directions (Figure 11c) and residual amount of Li2O2 (Figure 11b) at 
the beginning of the second charge stage implies fast decomposition of the 
Li2O2. It was found in previous works that the charge process may occur in 
two different steps: at lower potentials, small/thin platelets decompose first; 
later at higher potentials, large/thick platelets decompose.86  

 
Figure 12. (a) In operando SR-PXD pattern (λ = 0.994Å) of a Ru-TiC NAs/CT 
based Li-O2 battery, collected every 30 min during the first cycle at a constant cur-
rent of 0.1 mA cm-2, b) Galvanostatic discharge-charge voltage curve of the Li-O2 
cell and the Li2O2 mass evolution during the first cycling. The gap in the 3D plot and 
in the Li2O2 mass evolution corresponds to an unexpected beam loss. 

Such a two-step growth of Li2O2 was also observed in Li-O2 cells with TiC 
based cathodes (paper II). A series of diffraction patterns containing a Si peak 
and two Li2O2 peaks are shown in Figure 12a for cells with Ru-TiC/CT as 
cathode, cycled with at a current density of 0.1 mA cm-2. Similar to the results 
from paper I, the amount of Li2O2 can be fitted into two linear regions during 
discharge (Figure 12b).87 A rate constant (the slope in Figure 12b) of =	0.068 mg h-1 is achieved during the first discharge stage, which is slightly 
lower than the theoretical value of = 0.086 mg h-1. During the second 
stage of discharge, a lower formation rate was observed ( =	0.042 mg h-1). 
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This two-stage model could relate to a two-step toroidal Li2O2 growth during 
different discharge steps (see paper I). As the charging proceeds, a linear de-
crease of the electrochemically formed Li2O2 can be observed during the later 
stage of the charging with = 0.073 mg h-1, which is close to the ideal de-
composition rate of Li2O2,  = 0.086 mg h-1. This indicates an oxidation 
of bulk Li2O2 with fewer parasitic reactions. It was noticed that the (101) dif-
fraction peak of electrochemically formed Li2O2, around 22º in Figure 12a, is 
broad and overlapped with the TiC (111) peak.  

The findings from the SR-PXD and SEM in paper I and paper II are sum-
marized in a schematic illustration in Figure 13. By using in operando SR-
PXD to quantitatively track Li2O2, a two-step growth of Li2O2 during the ORR 
and also a two-step oxidation of Li2O2 during the OER can be envisioned. At 
the first step of discharge, Li2O2 deposits on the surface of the cathode with a 
disc shape, as marked in red in Figure 13. The anisotropic thin/flat plate (or 
disc) of Li2O2 forms rapidly and grow in both [100] and [101] directions dur-
ing the first discharge stage. When the second discharge step is reached, a 
nucleation and growth of new Li2O2 on the rim grain boundary along [100] 
direction lead to the gradual formation of toroidal particles of Li2O2. During 
the oxidation process, the surface species and small Li2O2 particles decompose 
first, with a slow decomposition rate. A higher oxidation rate is observed for 
the rest of bulk Li2O2 during the second charge step. After the crystalline Li2O2 

had been consumed, the potential increased sharply at the end of charge. 

 
Figure 13. Schematic illustration of the proposed two-step Li2O2 growth and two-
step Li2O2 oxidation. 

3.2 The growth of NaO2 in Na-O2 batteries 
The development of Na-O2 batteries requires understanding of the evolution 
of reaction products, as different compounds such as sodium peroxide, sodium 
superoxide and hydrated sodium peroxide have been reported as the main dis-
charge products by different groups.58-60,88,89 The underlying reason for these 
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divergent results is not yet clear. In paper III, in operando SR-PXD was used 
to i) quantitatively track the formation of NaO2 in Na-O2 cells, and to ii) meas-
ure how the growth of crystalline NaO2 is influenced by the choice of electro-
lyte salt.  

 

 

Figure 14. 3-D plots of the diffraction patterns (λ = 0.207 Å) collected under in op-
erando conditions during the first discharge of Na-O2 cells using electrolytes of 0.5 
M (a) NaPF6 (b) NaOTf dissolved in diglyme.  

Figure 14 shows the diffraction patterns of Na-O2 cells using two different 
electrolytes, NaPF6/G2 or NaOTf/G2, collected under in operando conditions 
during the first discharge. The appearance of the diffraction peaks at 2θ ~4.32º 
and 6.11º corresponding to (200) and (220) reflections of NaO2 (ICSD # 
87176) confirms the electrochemical formation of NaO2 during the discharge 
process. The corresponding discharge profiles are displayed in Figure 15. At 
the same cut-off voltage and current density, the cell with NaOTf achieved 
more than two times higher capacity (~ 1.9 mAh) than the cell with NaPF6 
(0.65 mAh). In the absence of any side reactions, the theoretical increase in 
the mass of NaO2 at the end of 1 mAh capacity would be equal to 2.05 mg 
NaO2 via the reaction Na+ + e- +O2 ⇋ NaO2. As demonstrated in Figure 15, 
the amount of NaO2 increased from the beginning to the end of the discharge 
in both cells. However, during discharge two different time regions of the 
NaO2 growth are clearly observed: (i) the inefficient region (with yellow back-
ground colour), where the NaO2 formation efficiency of the discharge reaction 
is about 50-60% in both cells; (ii) the efficient region (with green background 
colour), where the efficiency of NaO2 formation in about 93% and 94% in the 
NaPF6 and NaOTf based cells, respectively. Interestingly, no significant dif-
ference of the percentage of total capacity within the inefficient regions was 
observed between the two different salts. The inefficient regions render 20-
25% of the total capacity, while the highly efficient regions generate about 75-
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80% of the total capacity in both cells. Independent of the salt used and the 
capacity obtained, the formation of NaO2 is highly efficient during the second 
part of the discharge in both cells. The low efficiency in the first region of 
discharge might be traced back to side reactions, dissolution of NaO2 in the 
electrolyte or formation of amorphous NaO2.   

  
Figure 15. The galvanostatic discharge profiles of Na-O2 cells with a current of 0.1 
mA showing the evolution of NaO2 mass when using  (a) NaPF6 and (b) NaOTf as 
conducting salts, and the evolution of the NaO2 average domain size for (c) NaPF6 
and (d) NaOTf, respectively.  

The evolution of the average apparent size of NaO2 primary particles was fur-
ther studied by Rietveld refinements. The results are displayed in Figure 15c-
d. In the cell with NaPF6 salt, the NaO2 domain size increased fairly uniformly 
from about 10 nm to 200-250 nm during the discharge reaction (Figure 15c), 
which indicates a continuous increase in average crystallite size. In the cell 
with NaOTf salt (Figure 15d), the average domain size of NaO2 fluctuates in 
the beginning of the discharge (between capacities of 0 to 0.2 mAh), but then 
follows a slight decrease from 100-150 nm to 30-50 nm. The increase of the 
average domain size in the cell with NaPF6 salt indicates that NaO2 crystals 
are formed through an initial nucleation followed by continued crystal growth 
at the nucleation sites. In the cell with NaOTf, the decrease of the domain size 
may result from continuous nucleation of small crystals during the discharge 
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step where the new crystallites are smaller than the previously formed crystal-
lites, and therefore the average domain size decreased.  

 

Figure 16. SEM and EDX data of the carbon paper cathode after discharge using (a) 
NaPF6 and (b) NaOTf salt. (a, left) Morphology of the carbon paper cathode after 
discharge to 1.8 V vs. Na+/Na and (a, right) the elemental composition of the dis-
charged products at different spots by EDS. (b, left up) Morphology of the carbon 
paper cathode after discharge to 1.8 V vs. Na+/Na and (b, left down) the mapping 
sum of the elemental composition of the discharged products by EDS. (b, right) 
Mapping of elements from the SEM. The images were captured at the oxygen side 
of the cathode. 

The SEM images can provide similar information of the growth of NaO2 when 
examining the morphology of the discharge products. As shown in Figure 16, 
a mixture of flake and big cubic shape particles (Figure 16a) were formed in 
the cell with NaPF6, while in the cell with NaOTf, NaO2 particles displayed 
mainly cubic shapes at the end of discharge on the oxygen side of the electrode 
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(Figure 16b). The EDX results (Figure 16a) further confirmed that the parti-
cles with different morphologies formed in the cell with NaPF6 have the same 
Na:O ratio. Figure 16b shows that the cubic-shape discharge products formed 
in the cell with NaTOf have a similar Na:O ratio as observed for the cell with 
NaPF6. The different morphologies of NaO2 have also been reported in other 
studies. 53,74,90  However, these results suggest that the chemistry of the elec-
trolyte salt in the cells can influence the morphologies of the discharge prod-
ucts. 

Importantly, the domain size of the NaO2 crystals obtained from SR-PXD 
results and the morphology of NaO2 particles from SEM images reveal that  
the choice of the electrolyte anion has an influence on the growth of NaO2 

during discharge, which is correlated to battery performance. Previous works 
have shown that the mechanism of cubic NaO2 growth follows a solution pre-
cipitation route, where O2

- is dissolved after reduction on the electrode surface 
and precipitates together with sodium ions upon saturation.53,64 In light of the 
findings on the Li2O2 growth, the various DN of the salts could be one of the 
possible reason for the differences in morphology and domain sizes of NaO2 
formed during discharge. However, it has been reported recently that solvents 
with higher solubility of NaO2 do not necessarily lead to higher capacities. 
Instead, both the mass transport of soluble discharge products and the solvent-
solute interactions appear to be crucial for the growth of NaO2 crystals.66 The 
different discharge capacities in two different salt systems could likely be due 
to the differences between the strength of the Na+-solvent complex in the so-
lution of the OTf- and PF6

- anions. In this regard, a mechanism that describes 
the discharge process is proposed in Figure 17. In the first step of discharge, 
the O2 molecule is reduced to O2

-, which then forms NaO2. In the second step, 
an equilibrium of the solid NaO2 at the cathode surface and the dissolved NaO2 
is reached. Here, the competition between solvation and nucleation is likely 
the limiting factor for the formation rate of NaO2. Also considering differences 
between the solvents, it is observed that the OTf- solution leads to a higher 
yield of NaO2 since the stronger interaction of the anions (compared to the 
PF6

- solution) stabilizes the Na+ due to the facilitated formation of solvent 
complexes. The resulting slower nucleation leads then to preferential growth 
of cubic NaO2 particles. The solubility of NaO2 could also be the reason that 
a lower efficiency was observed during the first part of discharge. In the solu-
tion of the PF6

- anions, due to the weak solubility of Na-O2 complexes in PF6
- 

anions solution, the surface of the cathode is quickly passivated by smaller 
NaO2 particles. Thereby, only a small amount of cubic NaO2 particles was 
observed at the end of discharge, corresponding to a smaller capacity. 
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Figure 17. Proposed discharge mechanism for the Na-O2 battery with OTf- and PF6

- 
anions. 

To summarize, the results in paper III revealed that the formation and de-
composition of NaO2 in Na-O2 cells is highly efficient (above 90%), and that 
the discharge capacity of Na-O2 cells in a weak solvation ether solvent de-
pends heavily on the choice of the conducting salt anion, which has an influ-
ence on the growth of NaO2 particles. When a high DN anion (OTf-) is used, 
Na-O2 cells provide higher capacities compared to the cells with a lower DN 
anion (PF6

-). The evolution of the domain size of NaO2 particles in Na-O2 cells 
explains how different morphologies of NaO2 particles appear – in particular 
big cubic NaO2 particles formed in Na-O2 cells with NaOTf. These in oper-
ando SR-PXD results imply that the anion plays an important role in the NaO2 
growth in the Na-O2 battery.  

3.3 The stability of NaO2 in Na-O2 batteries 
The stability of the discharge product, NaO2, in Na-O2 batteries has been ques-
tioned. NaO2 was observed to decompose when a discharged cell was left at 
rest and this instability will reduce the energy efficiency as well as the revers-
ibility of the cell during cycling.89,91-94 However, the factors that cause this 
issue are still unclear. In addition, the conflicting observations with different 
discharge products have inhibited the understanding of the precise reactions 
in the battery. Therefore, some possible factors that could affect the stability 
of NaO2 were investigated in paper IV. The in operando results displayed in 
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Figure 15 had shown that NaO2 is the sole product during the discharge. How-
ever, the results also showed that the growth of NaO2 slowed down as the cell 
reaches the end of discharge. The lower formation of NaO2 during the end of 
discharge could be due to increased parasitic reactions and that the electro-
chemical formation of NaO2 was competing with a chemical decomposition 
of the NaO2.  

3.3.1 The stability of NaO2 during discharge 
To investigate the stability of the NaO2 formed during the discharge process, 
a galvanostatic intermittent titration technique (GITT) combined with in op-
erando XRD was used. Two identical cells were prepared with 0.5 M NaOTf 
/G2 as electrolyte, and two different discharge schemes were applied. One in 
operando cell was discharged at a current density of 0.1 mA cm-2 while the 
XRD pattern was obtained every 1h with 30 min of X-ray exposure. The other 
cell was paused for 15 min after every 1 h of discharge. XRD patterns were 
obtained during this 15 min of pausing. In order to gain reasonable diffraction 
resolution, a relatively high amount of Si was used in the GITT cell. As shown 
in Figure 18, the appearance of the diffraction peaks at 2θ ~32.5º and 46.6º, 
corresponding to the (200) and (220) reflections of NaO2 (ICSD # 87176), 
reveal that electrochemically formed NaO2 is the sole crystalline discharge 
product in both cells. However, the discharge capacity is lower and the NaO2 

formation efficiency is much lower in the cell with pause during the discharge 
than that of the continuously discharging cell. This result indicates that some 
chemical reactions are occurring during the rest period of the discharge, which 
consume the as-formed NaO2.  
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Figure 18. Waterfall plot of the diffraction patterns collected from (a) an in oper-
ando cell and (b) an in operando combined GITT cell during the first discharge with 
a 0.5 M NaOTf/G2 electrolyte at a current density of 0.1 mA cm-2. (c) and (d) are 
the mass evolution of NaO2 with the voltage profiles corrsponding to (a) and (b) 
cells, respectively.   

3.3.2 The stability of NaO2 in the cell environment during pause 

In order to address the main factors influencing the self-decomposition of 
NaO2 during the resting periods, the evolution of the discharge products was 
analyzed under various conditions. First, the influence from the electrolyte salt 
concentration was studied. Two cells with 0.5 M and 1.5 M NaOTf/G2 as the 
electrolyte were fully discharged until they reached the low cut-off potential 
of 1.8 V vs. Na+/Na, with a current density of 0.1 mA cm-2. The amount of 
NaO2 was tracked by XRD while the cells were resting at room temperature. 
As shown in Figure 19, NaO2 started to self-decompose after about 1.5 days 
in the 0.5 M cell and about 2 days in the 1.5 M cell. The self-decomposition 
rate was about 0.70 and 0.68 mg/day, respectively. This indicated that the con-
centration of the salt only has a minor influence on the self-decomposition rate 
of NaO2. Also, an unknown phase was detected in both samples from the “as-
discharged” state after long resting time. 
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Figure 19. Time-resolved in operando XRD showing the evolution of the discharge 
products of Na-O2 cells at rest (a) inside the cell environment with 0.5 M NaOTf/G2 
and (b) inside the cell environment with 1.5 M NaOTf/G2. (c) and (d) are the quan-
tity of NaO2 corresponding to (a) and (b), respectively. 

The influence of solvent on the stability of NaO2 was then considered. A cath-
ode was extracted from a Na-O2 cell, which was discharged for 1.6 mAh cm-

2. After rinsing with G2 (less than 1 ppm H2O content) to remove the residual 
salt and solvent, the cathode was dried and cut roughly in half. One half was 
sealed in a pouch (used as reference to detect the as-discharged product) and 
the other half was stored inside a pouch containing 150 µL of G2 (the same as 
the electrolyte volume added to Na-O2 cells). XRD was used to track the evo-
lution of NaO2 in the fresh solvent. Figure 20a shows that an unknown phase 
was detected directly after the disassembly, cleaning and reassembly. When 
the cathode was rested in the G2 for 24 days, the as-formed NaO2 disappeared 
completely. It has been reported that the as-formed NaO2 can dissolve in fresh 
electrolyte.53,91,95 If all of the missing NaO2 in Figure 20a was dissolved into 
the fresh G2 solvent, the concentration of the NaO2 would roughly be ~200 
mM. This value is very close to the value measured by Kim et al. using elec-
tron spin resonance (ESR) spectroscopy.91 However, the disappearance of 
NaO2 in the fresh G2 (Figure 20a) occurred with a much slower rate than the 
one in the whole cell environment (Figure 19a). In addition, the intensity of 
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the unknown phase was reduced and Na2O2·2H2O was detected after the cath-
ode was rested for 24 days. Therefore, other parameters in the cell may influ-
ence the self-decomposition further. Hartmann et. al demonstrated that the O2

- 

formed at the cathode surface can migrate within the cell.53 In addition, the 
formation of both NaO2 and Na2O2 have been observed on the Na anode side.96 
It is therefore reasonable to believe that O2

- could migrate to the Na anode side 
and react with the Na metal. 

 
Figure 20. Time-resolved in operando XRD showing the evolution of the discharge 
products of Na-O2 cells at rest (a) inside the fresh G2 solvent (H2O < 1ppm) and (b) 
without Na metal inside the cell environment with 1.5M NaOTf/G2. (c) and (d) are 
the quantity of NaO2 corresponding to (a) and (b), respectively.  

3.3.3 The stability of NaO2 in the cell without Na  
To analyze the influence from the Na metal, the Na anode was removed from 
a fully discharged Na-O2 cell. Without any cleaning procedure or adding any 
new electrolyte, the rest of the cell was sealed inside a pouch. As shown in 
Figure 20b, the NaO2 phase remained in this sample after 24 days of resting. 
The unknown phase does not appear at the beginning of resting, while it in-
creases in amount during the resting procedure. At the very beginning of the 
resting, a slight self-decomposition of NaO2 was detected at about half of the 
self-decomposition rate seen in the full cell environment (with the presence of 
Na metal). However, after about 3 days of resting, the NaO2 continued to self-
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decompose very slowly with a rate of about 0.015 mg/day. In addition, using 
a similar electrolyte volume, the disappearance of NaO2 was faster in the fresh 
G2 than in the old electrolyte (without the presence of Na metal). This is prob-
ably due to that the old electrolyte was saturated with NaO2 at the end of dis-
charge. However, the self-decomposition rate of NaO2 in the full cell environ-
ment is still faster than those in the other two cases. These findings indicate 
that the migration of O2

- to the anode side in the cell promotes the NaO2 deg-
radation. 

3.3.4 The stability of NaO2 at room temperature 
If O2

- migration and reaction at the anode surface is the main factor that affects 
the self-decomposition of NaO2 in the cell environment, the origin of the slow 
self-decomposition of the NaO2 in the absence of Na metal must be due to 
other reasons. To understand the thermodynamical stability of solid NaO2 pro-
duced during discharge, one could question the storage of NaO2 at room tem-
perature. To investigate the stability of the as-produced NaO2 particles in vac-
uum over a long time storage, two identical cathodes were prepared. Two cells 
with two different salt concentrations (0.5 M and 1.5 M NaOTf/G2 as electro-
lyte) were discharged to the same capacity (1.6 mAh cm-2) at the same current 
density of 0.1 mA cm-2. Directly after the discharge, the cathodes were ex-
tracted from the cells, rinsed with water free solvent, dried under vacuum and 
sealed in pouches. All these procedures were performed at room temperature.  

As shown in Figure 21, originating from the disassembly process, the un-
known phase (the same phase as previously) appeared in both cells. Though 
stored in an evacuated pouch, a small self-decomposition of solid NaO2 was 
observed with a self-decomposition rate of about 0.012 mg/day and 0.011 
mg/day from the 0.5 M NaOTf/G2 and 1.5 M NaOTf/G2 discharged cells, 
respectively, while a small increase of the unknown phase was detected in 
both cells. Compared to the cathode resting in a full-cell environment in the 
presence of Na metal, the NaO2 self-decomposition rate is about 70 times 
slower in the evacuated pouch. As Na2CO3 could not be detected and since the 
pouch was observed to be inflated after long time storage at room temperature, 
one could conclude that the NaO2 self-decomposed slowly to form the un-
known phase while gas was released. 
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Figure 21. The evolution of rinsed and dried NaO2 cathode inside coffee bag. Time-
resolved XRD of the cathode extracted from a discharged cell with (a) 0.5 M 
NaOTf/G2 and with (b) 1.5 M NaOTf/G2. (c) and (d) are the evolution of the NaO2 

corresponding to (a) and (b), respectively. 

3.3.5 The origin of Na2O2·2H2O   
Na2O2·2H2O has been detected as the discharge product in a number of stud-
ies.59,60,74 However, the origin of this product is still not clear. One hypothesis 
is that NaO2 could react with water in the electrolyte to form Na2O2·2H2O. 
However, this explanation is in contradiction with the experimental observa-
tions, where NaO2 was detected as the only discharge product even with above 
1000 ppm of water added into the electrolyte.55,62  Another hypothesis is that 
the water is introduced from the O2 gas flow.61

 However, a large amount of 
water needs to be present in the O2 gas to convert all of the NaO2 to 
Na2O2·2H2O.  
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Figure 22. (a) The evolution of the discharge products of Na-O2 cells before and af-
ter exposure to the O2 flow. (b) is the quantity of NaO2 corresponding to (a). 

To investigate this, a clean and dry cathode was prepared with a discharge 
capacity of 1 mAh cm-2 and cut in two halves. One half was sealed into a pouch 
and characterized by XRD immediately. The other half was sealed inside the 
battery bottle as shown in Figure 4 and exposed to an O2 flow (using the same 
gas tube as the one used during the electrochemical discharge experiments) 
for one hour (about two times longer than for a practical cell test). The cathode 
was then kept under O2 atmosphere for one day (about twice the time needed 
to discharge the cell into 1.6 mAh cm-2). As demonstrated in Figure 22, 
Na2O2·2H2O was not detected in the as-discharged cathode. This indicates that 
the amount of water introduced from the gas tube in this study was insufficient 
to cause the formation of Na2O2·2H2O during discharge. However, when the 
cathode was exposed to the same O2 flow for one day, the as-formed NaO2 
decomposed and a Na2O2·2H2O phase was formed. In addition, the unknown 
phase, which appeared after the disassembly process, completely disappeared 
following the exposure of O2 gas flow. Thus, a small amount of water may 
have been introduced from the gas tube, which reacted with NaO2 to form 
Na2O2·2H2O. It is worth to noticing that the unknown phase appears to be 
more sensitive to the O2 flow since 57 % of the NaO2 was consumed while all 
of the unknown phase disappeared after the exposure. However, when resting 
the  cathode that had initially been exposed to O2 gas flow for additional 24 
days without O2 gas flow, the intensity of the NaO2 and Na2O2·2H2O were 
reduced while the unknown phase appeared again. Therefore, one could infer 
that the unknown phase is an intermediate phase between NaO2 and Na2O2, 
which could be correlated with the deficient sodium peroxide phase, Na2-xO2 
(0<x<1).74 Based on thermodynamic calculations, NaO2, Na3O4 and Na2O2 
have been determined as possible discharge products due to their close for-
mation energy.97 However, during the formation of the discharge product, one 
electron transfer is kinetically more favorable than that of two electrons. 
Therefore, NaO2 has convincingly been demonstrated as the primary discharge 
product in most of experimental conditions.52,63,98 However, when discharging 
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the battery at a lower current density, the formation of Na2O2 could be more 
favored.74 After O2 exposure, the intensity of Na2O2·2H2O is reduced over the 
additional resting period, and the amount of NaO2 continued to decrease with 
a similar self-decomposition rate as the NaO2 stored in a sealed pouch. This 
phenomenon also implies that the deficient sodium peroxide phase, 
Na2O2·2H2O, and NaO2 are not stable at room temperature. It is reasonable 
that the detected Na2O2·2H2O in most cases is likely due to the exposure to 
humid air, for example, a poorly sealed sample holder during ex situ XRD 
characterization.62 

 
 
Figure 23. Schematic of the proposed mechanisms illustrating the instability of NaO2 

under various conditions. X represents the unknown phase that was detected in this 
study. 

According to the above observations, mechanisms that addresses the dominant 
factors that influence the stability of the discharge products in Na-O2 cells is 
proposed, as shown in Figure 23. Following the discharge mechanism from 
Figure 17, O2

- reacts with Na+ to form NaO2 cubes during the discharge. When 
the cell is paused during the discharge, no production of Na+ or O2

- takes place 
at the electrodes; instead, the as-formed NaO2 tends to dissolve into the elec-
trolyte and the generated O2

- from the dissolution process can migrate to the 
anode side to react with Na metal. With the continuous consumption of O2

- at 
the anode side, a gradient is created in the cell, which promotes the O2

- migra-
tion and NaO2 dissolution. Therefore, due to the competition between nuclea-
tion and dissolution, the total formation of NaO2 was lower with a pause step 
during the discharge (in the GITT cell) than that without pause during dis-
charge (in operando cell). When the resting time is long enough, all of the 
NaO2 can be dissolved into the electrolyte. When the main consumption 
source of O2

- , the Na metal, is removed from the cell, the electrolyte becomes 
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saturated by O2
-. However, due to the instability of the ether solvent towards 

the O2
- attack,59,99  the reaction  between O2

- and the solvent molecules will 
continue during all the situations when NaO2 is contact with the solvent, as 
shown in Figure 20a. Thereby, the formation of a deficient sodium peroxide 
phase, Na2-xO2 (0<x<1) could be induced by side reactions between NaO2 and 
the solvent. Moreover, the NaO2 can also be self-decomposed by a dispropor-
tionation process to form Na2-xO2 at room temperature, which is a much slower 
process than that promoted by the migration of O2

- towards the Na anode. 
Summarized from the quantification results from tracking the evolution of 
NaO2, the influence of different factors is in the order of: O2

- reacts with the 
Na anode > solvent decomposition > NaO2 disproportionation. 

3.4 Design and characterization of cathode 
materials for Li-O2 batteries  
The development of a chemically and electrochemically stable cathode mate-
rial is one of the key challenges that hinders the realization of Li-O2 batteries. 
So far, most cathodes have been prepared by mixing carbon materials with a 
polymer binder. However, it is known today that the binders in Li-O2 cells are 
unstable.11,100,101 Therefore, it is of interest to design a binder-free cathode for 
the Li-O2 cell. 

3.4.1 Study of 3-D binder-free graphene foam 
With its high electrical conductivity, unique morphology and porous structure 
with high surface area and pore volume, graphene has been suggested as a 
suitable cathode material for Li-O2 batteries. In addition, graphene can lower 
the overpotential and suppress the formation of side products,102,103 which 
makes it a more promising cathode material candidate than other carbon ma-
terials such as Vulcan XC-72, Ketjen Black, Super P or CNT. For graphene, 
the 2-D structure and physical properties make it possible to build blocks for 
constructing various 3-D porous architectures on a nanoscale.104-106 In this sec-
tion, a brief review of the findings in paper V is presented, where GF@Al is 
studied as the cathode material. 

A facile and efficient solution process followed by a low-temperature ex-
foliation was developed to prepare a binder-free oxygen cathode. Derived 
from a GO gel on an aluminum substrate, the as prepared graphene foam 
demonstrated an interconnected porous structure arrangement (abbreviated as 
GF@Al). Without adding any binder and catalyst, GF@Al was directly used 
as the O2 electrode.  
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To identify the discharge products that were formed and decomposed on 
the electrode surface, the cathodes were extracted from cells at different cy-
cling stages and examined by SEM. Figure 24a demonstrates a SEM micro-
graph of the pristine GF@Al electrode with an open framework 3-D structure. 
With open cages and honeycomb channels, the 3-D network structure of the 
graphene foam could favor O2 diffusion and offer a certain space for the dep-
osition of the discharge products. As shown in Figure 24b, after a full dis-
charge to 2.2 V vs Li+/Li, the surface of the graphene foam was filled by the 
discharge products with a toroidal shape and a diameter around 1 µm, which 
was reported as Li2O2 according to previous studies.17,37,107 After the first dis-
charge with a cutoff capacity limited to 1000 mAh g-1 (according to the weight 
of graphene), the toroidal-like discharge products were uniformly deposited 
on the graphene surface, with rough surfaces and smaller diameters of 100 
nm-500 nm (Figure 24c). Compared to the results in Figure 24c, Figure 24d 
shows that most of the toroidal products have disappeared and the bare gra-
phene surface reappeared after the first charge process. The graphene shows a 
more rough surface than that of the pristine electrode (the inset of Figure 24d), 
which is most likely due to the incomplete decomposition of the discharge 
products or the deposition of a small amount of side products. As depicted in 
Figure 24e, the GF@Al electrode surface is fully covered by discharge prod-
ucts after the 6th discharge. It is worth noting that four morphologies of the 
products that have been reported as Li2O2 produced at different discharge con-
ditions were observed simultaneously at the same discharged electrode (see 
Figures 24f-h), which is different from previous studies18,35-37,108. Toroidal-
like (Figure 24f), spherical (Figure 24g), disc shape (Figure 24h), and 
nanosheet-like (Figure 24i) morphologies of the discharge products were ob-
served after the 6th discharge. Overall, the SEM images revealed that the to-
roidal-like products were successfully deposited on the surface of GF@Al 
during discharge and decomposed during charge. The formation of different 
morphologies may be different kinds of products or the same product with 
different morphologies related to defects or functional groups at the surface of 
graphene. 
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Figure 24. SEM images of GF@Al electrode (a) before and (b) after a full discharge 
cycle, (c) after the 1st discharge, (d) 1st charge, and (e-i) 6th discharge at 100 mA g-1 
current density. 

The products formed after a full discharge was further investigated with TEM 
analysis. A bright-field TEM (BF-TEM) image of the toroidal products is dis-
played in Figure 25a. The corresponding selected area electron diffraction 
(SAED) pattern is shown in Figure 25b. The observed diffraction rings are 
indexed to (002), (100) and (101) of Li2O2 (ICSD # 01-074-0115 9-355). The 
variation contrasts of the nanosized grains and boundaries in a toroidal Li2O2 

particle are shown in Figure 25c. LiOH reflections were also observed in the 
SAED pattern (Figure 25d) taken from a big toroidal Li2O2 particle of which 
the BF-TEM image is shown in Figure 25e. The dark-field TEM image (g 
=(211) of LiOH, Figure 25f) revealed that some LiOH particles (the bright 
contrasts) were incorporated into the toroidal Li2O2. LiOH has been observed 
in previous works when using DMSO as electrolyte.107,109-112 However, LiOH 
and Li2O2 cannot be distinguished simply by their morphology. The TEM re-
sults clearly confirmed the coexistence of LiOH and Li2O2. 
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 Figure 25. (a) BF-TEM image of the O2 electrode after full discharge. (b) SAED 
pattern corresponding to the region shown in (a). (c) BF-TEM image of toroidal 
Li2O2 taken at higher magnification. (d) SAED pattern of the selected area shown in 
(e). (e) BF-TEM image of the toroidal Li2O2 and (f) DF-TEM of LiOH (g = 211).  

In order to quantify the amount of Li2O2 formed after a full discharge, an UV-
Vis spectroscopic analysis was employed. The yield of Li2O2 (YLi2O2) was es-
timated to be less than 40%. However, it should be noted that the results may 
be underestimated due to loss of electrode material and the tendency of H2O2 
degradation to H2O and O2 during titration. The low YLi2O2 in the high capacity 
GF@Al electrode is likely due to a reaction between Li2O2 and DMSO.112,113  
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3.4.2 Free standing Ru-TiC Nanowire array/Carbon 
textile as a cathode material for Li-O2 batteries 
Porous carbonaceous materials are predominantly applied as cathodes in non-
aqueous Li-O2 batteries due to their light weight, good conductivity and highly 
porous structure. However, instability of carbon has been observed by several 
research groups.23,114 In order to enhance the stability of cathode materials in 
Li-O2 batteries, a new type of TiC-based cathode was developed as an alter-
native to carbon based cathodes. 

 
Figure 26. (a-c) SEM images of TiC arrays on carbon cloth textile with different 
magnifications. The inset of (a) shows the pristine CT, insert of (b) shows a cross 
section of TiC NAs/CT, and insert of (c) shows the tip of a TiC nanowire. (d) High 
magnification TEM image of a TiC nanowire. High magnification (e) SEM and (f) 
TEM images of Ru/TiC. Raman spectra of (g) the pristine CT and (h) Ru-TiC 
NAs/CT. (i) XRD pattern (λ=1.5406Å) of the as prepared TiC NAs/CT. 

The morphology of the as prepared TiC electrode was investigated by SEM 
and TEM studies. As shown in Figures 26a-d, the TiC NAs were grown ho-
mogenously and perpendicular to the surface of the CT skeleton. Covering the 
whole surface of CT, as shown in Figure 26a-c, the TiC NAs demonstrate a 
length of 30-50 µm and a width of 200-500 nm. The inset of Figure 26b shows 
the cross section of one TiC NAs/CT fiber with a core-shell configuration, 
which, to some extent, can protect the CT from attack by reduced oxygen spe-
cies and facilitate the electron transfer throughout the cathode. Taken from an 
individual TiC nanowire (Figure 26d), the HRTEM image shows that the d-
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spacing value of the adjacent lattice fringes is 0.246 nm, which corresponds 
to the (111) lattice plane of the cubic TiC. The surface of TiC before (Figures 
26c and 26d) and after (Figures 26e and 26f) the Ru loading process is com-
pared. After loading with Ru nanoparticles, the TiC nanowires still maintain 
the same shape but the surface roughened due to the deposition of Ru nano-
particles. Figure 26f shows magnified HRTEM image of the Ru-TiC NAs/CT 
with a Ru particle size of about 2-5 nm. The lattice spacing values in Figure 
26f are 0.247 nm and 0.214 nm, corresponding to the (111) lattice plane of 
cubic TiC and (002) lattice plane of the hexagonal-structure Ru (P63/mmc, 
ICSD # 40354), respectively. In the Raman spectra, there are two strong peaks 
at 1348 and 1590 cm−1 (Figure 26g), which correspond to the D and G bands 
of the carbon cloth, respectively. Comparing Figures 26g and 26h, the Raman 
spectra reveal that the D and G band from the pristine CT almost vanished in 
the TiC NAs/CT sample. The Raman peaks at 257, 424, and 604 cm−1 (Figure 
26h) are assigned to the vibration signals of TiC.115 This indicates the effective 
coverage of CT surface by TiC NAs. The XRD (Figure 26i) indicated that the 
as prepared electrode consists of TiC and CT with peaks at 36.0º, 41.8º, 60.7º, 
72.6º, 76.5º , which can be indexed as the (111), (200), (220), (311), and (222) 
planes of the cubic TiC (Fm-3m, ICSD # 1546), respectively.  

In Figure 27a, a complete discharge of the Li-O2 cells with bare CT, as-
prepared TiC NAs/CT and Ru-TiC NAs/CT cathodes, all with a cut off poten-
tial of 2.3 V vs. Li+/Li at a current density of 0.1 mA cm-2 are compared. The 
cell with Ru-TiC NAs/CT achieved a discharge capacity of about 1.6 mAh 
cm-2, which is superior to those of the pristine CT cathode (about 0.6 mAh cm-

2) and the TiC NAs/CT cathode (about 1.2 mAh cm-2). The same capacity limit 
was applied to investigate the stability of the cathodes in Li-O2 batteries. Com-
pared to the pristine CT cathode, the first discharge-charge overpotential (Fig-
ure 27b) is significantly decreased by about 530 mV for the TiC NAs/CT 
cathode, and was further reduced by about 130 mV using the Ru-TiC NAs/CT 
cathode. The reduced overpotential of Ru-TiC NAs/CT may be due to the in-
trinsic contact between TiC NAs and the CT as well as the catalytic activity 
of Ru nanoparticle-modified TiC. Selected voltage profiles of the Ru-TiC 
NAs/CT cathode are presented in Figure 27c with a cut-off capacity of 0.2 
mAh cm-2 and a current density of 0.05 mA cm-2. The discharge potentials 
remain almost unchanged during the initial 200 cycles, while the charge po-
tentials show significant differences. An increase of the half-capacity overpo-
tential in the 260th cycle can be observed, compared to the 10th cycle, which 
could be attributed to electrolyte decompositions and/or accumulation of side 
products during cycling. The cycleability and half-capacity voltage of the Ru-
TiC NAs/CT, TiC NAs/CT and pristine CT with the capacity limited to 0.2 
mAh cm-2 are summarized in Figure 27d. The Ru-TiC NAs/CT can achieve 
around 270 cycles without any capacity decay, which is much longer than the 
cells with TiC NAs/CT (around 125 cycles) and pristine CT electrodes (about 
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15 cycles). Additionally, the average charge potential of Ru-TiC NAs/CT is 
lower than those of the cells with TiC NAs/CT and pristine CT.  

 
Figure 27. (a) Full discharge of Li-O2 cells with bare CT, as-prepared TiC NAs/CT 
and Ru-TiC NAs/CT cathodes with a cutoff voltage at 2.3 V and a current density of 
0.1 mA cm-2. (b) First discharge-charge curves of the Li-O2 cells with bare CT, as-
prepared TiC NAs/CT and Ru-TiC NAs/CT cathodes at a current density of 0.05 
mA cm-2. (c) The selected galvanostatic discharge-charge curves of the cell with Ru-
TiC NAs/CT cathode at a current density of 0.05 mA cm-2 with a limited capacity of 
0.2 mAh cm-2. (d) The voltages at half-capacity for each cycle of the Li-O2 batteries 
with pristine CT, TiC NAs/CT and Ru-TiC NAs/CT cathodes at a current density of 
0.05 mA cm-2 with a limited capacity of 0.2 mAh cm-2. 

The stability of the TiC cathode in Li-O2 batteries has previously been 
reported to originate from the TiC surface chemistry, where a layer of TiO2 
(along with some TiOC) was formed on the surface of TiC during 
cycling.116,117 Since TiO2 is a semiconductor material, the thickness of the TiO2 
layer can be the factor that determines the electron transfer kinetics to the TiC. 

As a better cycleability of the Ru-TiC NAs/CT cathode than the TiC 
NAs/CT was observed, the function of Ru decoration of the TiC surface needs 
to be investigated. This was done via XPS measurements. As shown in Figure 
28, the XPS of the pristine cathodes and cathodes after the first discharge, first 
charge and the end of cycling were collected. The XPS results indicate that 
the chemical states of Ti on the two pristine eletrodes (TiC NAs/CT and Ru-
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TiC NAs/CT) were identical (except for the precense of Ru), but their surface 
chemistry differed after cycling. After one discharge-charge cycle, the 
proportion of TiO2 on the TiC NAs/CT cathode increased and the proportion 
of TiC decreased compared to the Ru- TiC NAs/CT cathode. At the end of the 
cell cycling life, the TiC TiC NAs/CT cathode surface was dominated by TiO2 
and unknown species, indicated by binding energies around 460 eV and 466 
eV, which did not show up in the Ru-TiC TiC NAs/CT sample. The 
continuously increased amount of TiO2 on the surface of TiC NAs/CT hinders 
the electron transfer during cycling.118 The limited oxidation of the Ru-TiC 
NAs/CT cathode could be due to the surface modification with Ru NPs. Thus, 
the stability of the TiO2-rich TiC surface was largely improved during long 
term cycling, beneficial for the cycling performance.   
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To summarize, the 3-D binder-free graphene foam as a cathode material 
demonstrates a large capacity for Li-O2 batteries due to its low density packing 
design, which provides large void space for the deposition of discharge prod-
ucts. It appears that the existence of different morphologies of the discharge 
products is a manifestation of the complex electrochemistry during Li-O2 bat-
tery cycling. The incomplete formation of Li2O2 with co-existence of LiOH 
was clearly visualized by TEM analysis, which indicates instabilities of the 
high surface area graphene in contact with the electrolyte. To improve the sta-
bility of the cathode material, a free-standing TiC-based cathode was pre-
pared. With Ru NPs modification, the Ru-TiC NAs/CT cathode exhibited im-
proved ORR and OER, areal capacity, and better stability towards TiC surface 
degradation.  
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4 Conclusion and outlook 

The aim of this thesis was to investigate the performance and evolution of 
discharge products in Li-O2 and Na-O2 batteries and to determine the main 
parameters governing the performance of the cell. While the studies initially 
were centered around the Li-O2 system, the scope of the studies was later ex-
tended to the Na-O2 system.  

In the first part, the work focused on the evolution of Li2O2 during battery 
cycling. By using SR-PXD as an in operando tool to quantify the rate of Li2O2 

formation and decomposition, a two-step growth of Li2O2 during the ORR and 
a two-step oxidation of Li2O2 during the OER (using DME based electrolyte 
as a model system) were revealed. Disc-like Li2O2 grains were formed in the 
first step of the discharge process, while the following step was the nucleation 
and growth to toroidal Li2O2 particles with a slower formation rate. During the 
oxidation process, the Li2O2 decomposition rate was initially slow for the sur-
face, followed by a higher oxidation rate for the bulk. 

The following section of this thesis focused on the evolution of the NaO2 

during discharge studied by in operando SR-PXD. A formation efficiency of 
above 90 % was observed both in NaOTf (high DN) salt and in NaPF6 (low 
DN) salt systems. However, the cell with a higher DN turns out to deliver a 
higher capacity than that with a lower DN and the choice of conducting salt 
can influence the growth of NaO2. In addition, the stability of the discharge 
product in Na-O2 was investigated. The evolution of the discharge product was 
quantitatively tracked by both in operando and ex situ XRD. The impact of 
the sodium anode, solvent, salt and oxygen on the stability of the discharge 
products was quantitatively identified. The results indicated that the presence 
of Na metal in the battery is the main factor that promotes the decomposition 
of NaO2. The Na metal can react with the dissolved O2

- that migrated from the 
cathode side and causes the further decomposition of NaO2 in the cell envi-
ronment. The influence from reactions between the cathode and the solvent 
and NaO2 disproportion reactions are additional but minor factors. Further-
more, an intermediate phase between NaO2 and Na2O2 was observed during 
the disassembly, which can convert into Na2O2 · 2H2O after being exposed to 
a humid O2 flow. These findings can help us to bring new insight into the un-
derstanding of the conflicting observations of different discharge products in 
previous studies. To achieve a better performing Na-O2 battery, a strategy to 
restrain the O2

-
 migration to the anode side is necessary. 
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In the last part, a graphene based cathode and a free-standing TiC based 
cathode were prepared for Li-O2 batteries. The observation of different mor-
phologies of discharge products indicates the complexity of the electrochemi-
cal reactions during battery cycling. In addition, incomplete formation of 
Li2O2 and co-existence of LiOH during discharge were confirmed by TEM 
and UV-Vis spectroscopy analysis. Aiming to design and fabricate an electro-
chemically stable and efficient cathode as an alternative to carbon cathodes, 
TiC was developed as a cathode material for Li-O2 batteries. A free-standing 
TiC nanowire array cathode was grown on carbon textile, covering its surface. 
When loading Ru nanoparticles onto the structure, the Ru-TiC NAs/CT 
showed enhanced oxygen reduction/evolution activity and cycleability. The in 
operando SR-PXD demonstrated that the Li-O2 cells with Ru-TiC cathode 
were more efficient than those with a carbon based cathode. The stability of 
the Ru-TiC cathode with respect to its surface properties was also revealed by 
XPS. 

Due to their complexity, it is a challenge to understand what is going on in 
a Li-O2 or a Na-O2 battery. From quantitatively understanding the chemical 
processes to the design of a porous carbon cathode for a Li-O2 cell, the results 
have provided some important information about the Li-O2 and Na-O2 sys-
tems. Despite all the progress achieved so far, there are still many unresolved 
fundamental questions regarding this fascinating and intriguing electrochem-
ical system. Nevertheless, with the development of analytic methods pre-
sented herein, the picture of discharge product evolution in non-aqueous Li-
O2 and Na-O2 batteries has become clearer than before. This gives us an op-
portunity to understand the metal-O2 battery systems better. Besides, a quan-
titative understanding of the underlying chemical processes is essential to fully 
explore the effect of different catalysts, solvent additives, or salts for an better 
battery design. Finally, the quantitative techniques developed in this thesis 
may prove useful for other metal-O2 battery systems, such as Mg-O2 and Zn-
O2 batteries.  
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5 Svensk sammanfattning 

Dagens bästa uppladdningsbara batterier som går att köpa idag är litium-
jonbatterier. De används i alla typer av bärbar elektronik, men också i större 
tillämpningar som elbilar och lagringsstationer för elnätet. De lagrar mer 
energi, är effektivare och håller längre än andra batterier. Trots alla goda egen-
skaper hos litium-jonbatterierna finns behov an ännu bättre batterier. Det kan 
gälla mer energi, bättre säkerhet och kanske billigare batterisystem. Till-
gången på de material som används i batteriet är också viktig. Det pågår en 
intensiv forskning kring nya batterier, både bättre litium-jonbatterier men 
också inom området ”bortom litium-jon”. Metall-syre (M-O2) är en typ av bat-
terier som fångat intresset eftersom den teoretiska energilagringsförmågan är 
mycket högre än för nu existerande batterier. Litium-syre (LI-O2) och 
natrium-syre (Na-O2) är två system som studerats sedan 20 år, men som fort-
farande har långt kvar till kommersialisering. Det finns fortfarande många till 
synes enkla och grundläggande frågor som saknar svar. 

Hur fungerar ett Li-O2 eller ett Na-O2 batteri? Vad bildas det för produkter 
när batteriet laddas ur? Vilka parametrar styr funktionen hos batteriet? Det här 
är frågor som måste besvaras för att kunna förbättra den här sortens (M-O2) 

batterier. Jag har försökt hitta svaren på några av frågorna under arbetet med 
den här avhandlingen. Batterierna består av en metallelektrod, litium eller 
natrium, som minuspol och ofta en porös kolelektrod som pluspol. Vid plus-
polen kan man tillföra syrgas (eller luft) till batteriet. Syre utifrån kan på det 
sättet delta i den elektrokemiska reaktionen i batteriet. Elektroderna hålls åt-
skilda av en porös, isolerande plastfilm, separator, men har kontakt via elekt-
rolyten, ett organiskt lösningsmedel som man löst upp ett salt i. Det finns 
många tänkbara kombinationer av material, men det gäller att hitta en kombi-
nation som ger bra funktion samtidigt som den är stabil under lång tid och 
många upp och urladdningscykler. 

I första delen av avhandlingen, fokuserades arbetet på hur Li2O2 bildades 
och löstes upp när batteriet laddades ur eller upp. Genom att använda synkro-
tronbaserad pulverröntgendiffraktion (SR-PXD) som ett in operando verktyg 
kan man bestämma hastigheten för att bilda och bryta ner Li2O2. För de här 
studierna behövdes ett helt nytt batteri där syre kunde tillföras utifrån och där 
batteriet var genomskinligt för synkrotronljusstrålningen. Försöken kan bara 
utföras vid en synkrotron, t ex MAX II i Lund, PETRA i Hamburg eller Dia-
mond utanför Oxford. Arbetet avslöjade en tvåstegstillväxt av Li2O2 vid syre-
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reduktionsreaktionen (ORR) vid urladdning av batteriet och en tvåstegsned-
brytning av Li2O2 under syreutvecklingsreaktionen (OER) vid uppladdning 
när batteriet hade en dimetyleterbaserad elektrolyt. Skivlika Li2O2-korn bilda-
des i det första urladdningssteget, men i det följande steget skedde tillväxt av 
torusformade (flottyrmunkformade) Li2O2-partiklar med en lägre bildnings-
hastighet. Under oxidations processen var nedbrytningshastigheten av Li2O2 
till att börja med låg, följt av en snabbare oxidations hastighet för huvuddelen 
av materialet. 

Under nästa del av arbetet studerades utvecklingen av NaO2 under urladd-
ning med den in operando SR-PXD teknik som utvecklades tidigare. Genom 
att använda två olika salter i elektrolyten fick batterierna olika egenskaper. 
Effektiviteten var lika för de båda salterna men batterierna fick olika kapacitet. 
Saltet i elektrolyten påverkar batteriets funktion. NaO2, natriumsuperoxid, 
som bildas vid urladdningen av batteriet är inte stabil. Hur den bryts ner beror 
på vilka ämnen den kommer i kontakt med i batteriet. Den viktigaste mekan-
ismen är att NaO2 löser upp sig i elektrolyten och sedan reagerar med natriu-
melektroden i batteriet, men den kan också reagera med lösningsmedlet eller 
till och med falla sönder helt spontant. Om det finns vatten i batteriet uppkom-
mer andra sönderfallsvägar för natriumsuperoxiden. Om Na-O2 batterier ska 
bli praktiskt användbara måste alla dessa typer av sönderfall förhindras. 

Två olika material för den positiva syrgaselektroden tillverkades också och 
undersöktes. Ett grafenskum som fick fylla hålrummen i en porös alumini-
umplåt gav hög kapacitet hos batteriet, men var inte stabilt under längre tid. 
Hur urladdningsprodukterna såg ut kunde studeras med elektronmikroskopi. 
För att få en stabilare elektrod tillverkades nanotrådar av titankarbid som fick 
växa på ett tygliknande kolmaterial. Bäst funktion uppnåddes när en katalysa-
tor, rutenium, i form av nanopartiklar, fästes på ytan. 

Det finns fortfarande många obesvarade frågor kring M-O2 batterier och 
deras funktion. Ett viktigt bidrag från den här avhandlingen är tekniken att 
mäta vilka produkter som bildas och hur mycket som bildas medan batteriet 
är i funktion. Att utveckla enkla och pålitliga analysmetoder är ett första steg 
för att förstå och förbättra M-O2 batterier. På grund av dessas komplexitet så 
är det en utmaning att förstå vad som sker i Li-O2 och Na-O2 batterier. Från 
designen av en Li-O2 cell med en porös kolkatod till att kvantitativt förstå de 
kemiska processerna i Li-O2 cellen så har resultaten genererat från den här 
avhandlingen försett oss med viss viktig information om Li-O2 och Na-O2 sy-
stemen. Trots alla framsteg som nåtts fram till nu, finns det fortfarande många 
olösta fundamentala frågor om detta fascinerande och intressanta elektroke-
miska system. Med utvecklingen av analytiska metoder så har bilden av ur-
laddningsprodukternas utveckling i icke vattenbaserade Li-O2 och Na-O2 bat-
terier blivit tydligare än innan. Detta ger oss möjlighet att förstå M-O2 batte-
risystemet bättre. Därutöver så är en kvantitativ förståelse av de bakomlig-
gande kemiska processerna nödvändig för att till fullo utforska påverkan av 



 63

olika katalysatorer, lösningstillsatser eller salter för en mer praktisk batteride-
sign. Slutligen så kan de kvantitativa metoderna utvecklade i denna avhand-
ling vara användbara för att studera andra batterisystem baserade på M-O2, 
exempelvis Mg-O2 och Zn-O2 batterier. 
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