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Abstract

Characterization of reaction products in
sodium-oxygen batteries

Jonas Hedman

In this thesis, the discharge products formed at the cathode and the performance and
cell chemistry of sodium-oxygen batteries have been studied. This was carried out
using different NaOTf salt concentrations. The influence of different salt
concentrations on sodium-oxygen batteries was investigated since it has been shown
that increasing the salt concentration beyond conventional concentrations could
result in advantages such as increased stability of the electrolytes towards
decomposition, higher thermal stability and lower volatility. An increase in salt
concentration has also been shown to influence the electrochemical potential
window. The solubility of NaOTf was investigated in two different solvents, DME and
diglyme. NaOTf was found to be more soluble in DME compared to diglyme but due
to the volatile nature of DME, three different concentrations of NaOTf were
prepared with diglyme as solvent. Experimentation involved discharging the batteries
to either maximum or limited capacity. The discharge products were examined and
characterized using XRD and SEM. The main discharge product was identified as
sodium superoxide although sodium peroxide dihydrate was also identified in one
battery. A trend of higher capacity and voltage plateaus with higher salt concentration
was also found. The influence of trace amounts of water was suggested as one
explanation as it works as a catalyst, promoting sodium superoxide cube growth due
to improved transportation of superoxide. Another or contributing explanation could
be a possible change in donor number with increased salt concentration, resulting in
higher solubility and longer lifetime of superoxide, promoting the growth of sodium
superoxide cubes.
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Karakterisering av reaktionsprodukter i natrium-

syre batterier 

En studie i elektrolytkoncentration 

Jonas Hedman 

 

Energilagring är en av de större utmaningarna i dagens samhälle. En omfattande användning 

av fossila bränslen under de senaste decennierna i kombination med en trendökning i 

energiförbrukning har resulterat i utsläpp av större mängder växthusgaser, vilket i sig bidragit 

till den globala uppvärmningen. Den alltmer begränsade tillgången av icke förnyelsebara 

resurser har även lett till ett ökat intresse att finna nya hållbara och förnyelsebara 

energikällor, speciellt inom transportindustrin som står för en stor del av 

växthusgasutsläppen. 

Laddningsbara batterier kan bidra till minskade utsläpp samt underlätta en effektivare 

användning av begränsade resurser. I dagsläget är de flesta laddningsbara batterier baserade 

på litiumjonteknologi och används i allt från bärbar elektronik till elbilar. Fördelarna med 

laddningsbara batterier är både ekonomiska och miljömässiga då de skulle kunna ersätta 

befintliga energisystem baserade på fossila bränslen. De skulle även kunna integreras i 

kraftnätet för att balansera flukterande förnyelsebara energikällor som vind eller solenergi. 

Tillgången på litium är dock begränsad till ett fåtal platser världen över och litiumjonbatterier 

börjar även närma sig gränsen för vad som är möjligt med avseende på energidensitet, 

livslängd (antal möjliga cykler) samt hur snabbt man kan ladda upp eller ur batterierna. För 

att finna nya tillämpningar inom energilagring behöver dessa egenskaper förbättras vilket kan 

bli svårt med befintlig litiumjonteknologi. Återuppladdningsbara batterier med högre 

energidensitet och överlägsen prestanda behöver därför utvecklas för att kunna konkurrera 

med teknologier som exempelvis bränsleceller eller icke-förnybara energikällor. Ett lovande 

alternativ till vanliga litiumjonbatterier skulle kunna vara metall-O2 systemen som har väldigt 

höga teoretiska energidensiteter. 

Litiumjonbatterier lagrar och frigör energi genom att lagra in litiumjoner i både anod- och 

katodmaterialen vilket innebär att elektrodmaterialen måste ha en lämplig kristallstruktur 

struktur för att kunna lagra litiumjoner. Detta kan jämföras med metall-O2 batterier vars höga 

energidensitet är ett resultat av en kombination av en alkalisk metall som negativ elektrod 

samt en luftelektrod där syrgas utgör det positiva elektrodmaterialet. Dödvikten hos metall-O2 

batterierna blir därmed betydligt lägre vilket resulterar i en av de högsta teoretiska 

energidensiteterna hos nuvarande batterisystem. 

I dagsläget sker forskning på ett flertal olika metall-O2 system men Li-O2 och Na-O2 

systemen har överlägset högst energidensitet med 3505 och 1602 (1105) Wh/kg baserat på 

urladdningsprodukterna Li2O2 respektive Na2O2 (NaO2). Det enorma intresset för dessa 



III 

 

batterisystem grundar sig mestadels i deras höga gravimetriska energidensitet. Det har dock 

visat sig att dessa system lider av ett flertal problem som begränsad livslängd, låg 

energieffektivitet och sönderfall av elektrolyterna. Detta har speciellt varit ett problem för 

Li-O2 systemen som studerats utförligt sedan början av sekelskiftet. Na-O2 systemen är 

däremot i ett väldigt tidigt stadium där det första fungerande batteriet rapporterades 2010. 

Man hoppas dock att genom att byta ut litiumanoden mot en natriumanod kunna lösa några 

av de många problem som är associerade med Li-O2 och därmed underlätta utvecklandet av 

ett laddningsbart metall-O2 batteri med hög energidensitet. Natrium är dessutom billigt och 

finns rikligt i både jordskorpan och havet till skillnad från litium. 

I detta examensarbete har urladdningsprodukterna vid katoden karakteriserats och prestandan 

och cellkemin hos Na-O2 batterier undersökts. Detta utfördes med olika saltkoncentrationer 

med fokus på den första urladdningen av batteriet. Den önskvärda urladdningsprodukten för 

Na-O2 batterier är natriumsuperoxid (NaO2) då den visat sig vara mer stabil och reversibel 

under cykling, d.v.s. upprepad upp och urladdning jämfört med andra vanliga 

urladdningsprodukter som natriumperoxid (Na2O2) och natriumperoxiddihydrat (Na2O2 ∙

2H2O). I projektet undersöktes inverkan av olika saltkoncentrationer på batterierna då det har 

visat sig att elektrolyter med högre koncentration kan få fördelaktiga egenskaper som ökad 

stabilitet mot sönderfall, ökad termisk stabilitet och lägre flyktighet. En ökning av 

koncentrationen har även visat sig påverka det elektrokemiska potentialfönstret. Lösbarheten 

av saltet NaOTf (Natrium(I)trifluormetansulfonat) undersöktes i två olika lösningsmedel, 

DME (dimetoxietan) samt diglyme (Dietylenglykoldimetyleter). Lösbarheten av saltet var 

högre i DME jämfört med diglyme men då DME var för flyktigt förbereddes elektrolyter med 

diglyme samt tre olika koncentrationer av saltet NaOTf istället. Experimenten innefattade 

urladdning av batterierna till maximal eller begränsad kapacitet. Katoderna från de urladdade 

batterierna undersöktes sedan med röntgendiffraktion för att identifiera vilken typ av 

urladdningsprodukt som bildats och svepelektronmikroskopi för att studera dess morfologi. I 

rapporten redovisas urladdningskurvor för de olika elektrolytkoncentrationerna vilket kan ge 

information om olika förluster i batteriet eller förändringar i cellkemin. Rapporten visar även 

diffraktogram som identifierar de olika urladdningsprodukterna samt bilder på deras 

morfologi tagna med svepelektronmikroskop. Slutsatsen från experimenten är att den 

huvudsakliga urladdningsprodukten är NaO2 även om andra urladdningsprodukter som 

Na2O2 ∙ 2H2O identifierades i ett av de tillverkade batterierna. Det gick även att se en trend 

med högre kapacitet med ökad saltkoncentration. 
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Abbreviations and notations 
CNT  Carbon nano tube 

EBSD  Electron backscatter diffraction 

EDS  Energy-dispersive X-ray spectroscopy 

EV  Electrical vehicles 

DEMS  Differential electrochemical mass spectrometry  

DFT  Density functional theory 

DN  Donor number 

DME  1,2-Dimethoxyethane 

Diglyme  Diethylene glycol dimethyl ether 

FEG  Field emission gun 

FTIR  Fourier transform infrared spectroscopy 

GDL  Gas diffusion layer 

LIBs  Lithium ion batteries 

Li2O2  Lithium peroxide 

LiOTf  Lithium triflate 

NaClO4  Sodium perchlorate 

NaFSI  Sodium(I) bis(fluorosulfonyl)imide 

Na2CO3  Sodium carbonate 

NaO2  Sodium superoxide 

Na2O2  Sodium peroxide 

NaOH  Sodium hydroxide 

Na2O2·2H2O  Sodium peroxide dihydrate 

NaOTf  Sodium triflate or Sodium(I) trifluoromethanesulfonate 

NaPF6  Sodium hexafluorophosphate 

NaTFSI  Sodium(I) bis(trifluoromethanesulfonyl)imide 

OCV  Open-circuit voltage 

OER  Oxygen evolution reaction 

ORR  Oxygen reduction reaction 

PC  Propylene carbonate 

SEM  Scanning electron microscopy 

TEGDME  Tetraethylene glycol dimethyl ether 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffractometry 

SAED   Selected area electron diffraction 

SEI  Solid electrolyte interphase 

TEM  Transmission electron microscopy 
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1 Introduction 
Energy storage is one of the major challenges facing modern society on a global scale. The 

extensive use of fossil fuels during the past few decades as well as the increasing trend in 

energy consumption has led to a substantial increase in greenhouse gases which have 

significantly contributed to global warming. In addition, the decreasing availability of non-

renewable resources has led to an increased interest in finding sustainable and renewable 

energy sources, especially in the transport industry, which accounts for a significant use of 

fossil fuels.[1–3] 

Rechargeable batteries could help to significantly reduce emissions and to enable a more 

efficient use of limited resources[3]. Today, most rechargeable batteries are based on lithium 

ion technology. Lithium ion batteries (LIBs) are considered to be the state of the art 

technology for a range of energy storage applications and are used in everything from 

portable electronics to electric vehicles (EVs)[3,4]. The huge commercial success that lithium 

ion batteries received since their commercialization in the early 1990s has facilitated a 

revolution in portable electronics[5]. 

Rechargeable batteries also bring economic and environmental benefits as they may replace 

energy systems powered by fossil fuels as well as balancing fluctuating renewable energy 

sources such as wind or solar energy in power grid integration[3]. Lithium is however limited 

to only a few sources across the globe. Furthermore LIBs are approaching their limits when it 

comes to energy density (75-200 Wh/kg), cycle life (1000 cycles at > 80% of initial capacity) 

and charge/discharge rate capabilities (1C)[3]. These values needs to be increased in order to 

develop new applications in the field of electric vehicles or stationary grid storage which 

means LIBs may have difficulties to meet these increased requirements of higher energy 

density and better battery performance.[3,4]  

New batteries with higher energy density and superior performance needs to be developed in 

order to compete with alternative technologies (fuel cells, non-renewable energy sources, 

etc.) in the field of electric vehicles[3,4]. A potential battery system is the metal-O2 

chemistry. Owing to their high theoretical energy density[1,4,5], metal-O2 batteries are 

considered to be the next generation of batteries, as well as a promising alternative to 

conventional LIBs in order to achieve batteries with high energy density[3,4], but it has been 

shown in recent years that they suffer from several challenges.  

LIBs store and release energy by inserting Li-ions into both the anode and the cathode 

material which means that the electrode materials should have suitable crystal structure for 

storing the lithium ions[3]. This is in contrast to metal-O2 batteries where the high energy 

density is a result of combining a high-energy metal as negative electrode with an air 

electrode that utilizes oxygen as the positive electrode material[4]. These battery systems are 

only dependent on the reduction of molecular oxygen at the cathode surface which means that 

the deadweight is greatly reduced. As a result, these battery systems exhibit some of the 

highest gravimetrical energy densities among current battery systems.[3] 
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Several metal-O2 systems are currently being studied with various metal anodes such as 

lithium, sodium, zinc, magnesium, iron, silicon and aluminium[6,7]. Of the numerous metal-

O2 systems being studied, Li- and Na-O2 exhibit by far the highest energy density with 3505 

and 1602 (1105) Wh/kg respectively, based on the discharge products of Li2O2 and 

Na2O2 (NaO2). This can be seen in Table 1 .[2,4,5] 

The enormous interest in metal-O2 cells are mostly due to their potential to provide higher 

energy densities with lighter and longer lasting batteries[3]. However, there are still many 

challenges that need to be addressed, such as limited cycling life, electrolyte decomposition 

and low energy efficiency (high charging overpotential) which hinders commercialization of 

these cells. This has especially been the case for Li-O2 cells[4]. Much of the challenges with 

Li-O2 cells can be attributed to several physical and chemical mechanisms occurring during 

battery operation which makes the system unstable and prevents it from reaching high energy 

efficiency[3]. Whereas the Li-O2 systems have been studied extensively since the beginning 

of the 21 century, Na-O2 cells are still in a very early stage[4]. The first study on a working 

Na-O2 cell was published by Peled et al.[8] in 2010 which was based on polymer electrolyte 

with a molten sodium anode operating at 100℃ . By substituting the lithium anode with a 

sodium anode one may overcome some of the issues associated with Li-O2 cells. Na-O2 

batteries therefore offer the possibility of making a rechargeable metal-O2 battery which can 

still offer high energy densities. In addition, sodium is cheap and well abundant in both the 

earth crust and sea, 28,400 mg/kg and 11,000 mg/L respectively in contrast to 20 mg/kg and 

0,18 mg/L for lithium[9]. Despite the lower specific energy density this makes Na-O2 

batteries an attractive replacement or complement to lithium based batteries. 

1.1 Scope 
In this project the main focus was on characterization of the discharge products at the cathode 

as well as the battery performance and cell chemistry during the first discharge using 

different concentrations of a sodium salt. For evaluation and characterization several 

techniques have been used. These include galvanostatic cycling to study change in 

electrochemical performance during cycling, X-ray diffraction (XRD) to study the cell 

reaction in more detail and to identify the desired discharge products. The structure of the 

cathodes and the morphology of discharge products were also studied using scanning electron 

microscopy (SEM).  
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2 Background 

2.1 The Na-O2 battery 

Sodium-oxygen cells are very similar to lithium-oxygen cells. They both consist of an 

alkaline metal as negative electrode and a porous air-electrode as positive electrode with an 

inert separator sandwiched in between. The electrochemical reactions in the cell are 

facilitated by the electrolyte which is mostly based on aprotic electrolytes.[9]. A schematic 

setup of the sodium-oxygen cell can be seen in Figure 1. 

During discharge, sodium metal is oxidized at the negative electrode to form Na+ ions. The 

Na+ ions then move through the electrolyte toward the positive electrode where molecular 

oxygen is reduced and combined with Na+ ions to form discharge products[4,9,10]. When 

charging the battery, the reactions at the anode and cathode are reversed. 

The discharge products are insoluble in aprotic electrolytes and form solid sodium oxides that 

are accumulated at the surface of the positive electrode. The positive electrode is comparable 

to a fuel cell cathode; in order to store the formed discharge products it has to be porous, with 

a large void volume.[4,10]. It also works as an electron conducting support (gas diffusion 

layer, GDL) which facilitates oxygen transport, oxygen reduction (ORR) and oxygen 

evolution (OER) when cycling the cell[9]. In metal-O2 batteries mostly carbon based 

materials are used as cathode materials. 

 

Figure 1. Schematic setup of the Na-O2 cell showing the working principle of a Na-O2 battery during discharge. 

Table 1. Theoretical data of the Na-O2 and Li-O2 batteries based on different discharge products. Theoretical cell 

voltage, capacity and gravimetric energy density (weight of oxygen included) are listed in the table below.[3,4,9] 

 Cell chemistry 𝑬°[𝑽] 𝑸𝒕𝒉[𝒎𝑨𝒉 𝒈−𝟏] 𝑾𝒕𝒉[𝑾𝒉 𝒌𝒈−𝟏]  

Na-𝐎𝟐 Na + O2 ↔ NaO2 2.27 488 1105 

2Na + O2 ↔ Na2O2 2.33 689 1602 

2Na +
1

2
O2 ↔ Na2O 1.95 867 1687 

4Na + O2(g) + 2H2O ↔ 4NaOH ∙ H2O 2.77 462 1281 

     

Li-𝐎𝟐 2Li +
1

2
O2 ↔ Li2O 2.91 1794 5216 

 2Li + O2 ↔ Li2O2 2.96 1168 3505 
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2.2 Challenges and current issues 
Despite the enormous interest in Na-O2 batteries attributed to their high theoretical energy 

density and the great abundance of sodium as well as the improved stability toward 

electrolyte decomposition during cycling compared to Li-O2 batteries, the system suffers 

from several challenges. The cell chemistry is not well understood and the batteries have 

limited cycling life and low energy efficiency which hampers the development of these 

battery systems. 

The overall performance of Na-O2 batteries is highly dependent on the cathode and the 

cathode material will strongly influence the maximum achievable discharge capacity[6]. The 

pore structure facilitates the oxygen diffusion and storage of discharge products. The more 

discharge product that can be stored the higher discharge capacity can be achieved[3,4]. 

Therefore an optimal porosity and pore distribution is essential. Cathode design will also be 

important to minimize pore clogging and optimize the supply of oxygen[3]. In addition the 

cathode should also be chemically stable, electrically conductive and have a high surface area 

and low cost.[4] 

Another major challenge is to elucidate the formation of different discharge products at the 

cathode and their respective growth mechanisms. NaO2 and Na2O2 are generally formed but 

other discharge products have also been reported[3,4,9,10] as will be discussed later on in 

this report. Formation of parasitic products at the cathode will increase the charge potential as 

well as lead to electrolyte decomposition resulting in poor battery life. NaO2 which is the 

preferable discharge product in terms of reversibility and electrochemical performance seems 

to be sensitive in the electrolyte environment which further complicates the system.[4,11] 

Furthermore, cyclability is severely limited by sodium dendrite formation[6]. Dendrites can 

grow through the separators reaching the positive electrode causing a short-circuit resulting in 

either smoke or fire. The dendrites will also lead to destruction of the sodium anode through 

corrosion and passivation of the dendrites. Formation of a solid electrolyte interphase (SEI) 

will also consume the electrolyte, hence limiting the cycle life. Another problem on the anode 

side of the battery is contamination due to dissolved water and oxygen from the positive 

cathode attacking the metallic sodium and further degrading the cell.[4] 

A major challenge in Na-O2 batteries is the stability of electrolytes. The electrolyte has to 

tolerate the highly oxidative and reductive environments in the cells[4]. During ORR, highly 

reactive superoxide ions form causing chemical decomposition[12]. Volatility and 

flammability are other problems related to the electrolyte[3]. 

2.3 High concentration electrolytes 
The electrolyte is an essential part in any battery system and works as an ionically conductive 

solution enabling ion transport between the two electrodes. The electrolyte is also subjected 

to a highly oxidative and reductive environment by the positive and negative electrodes 

which mean that both ion transport, reductive and oxidative stability are key parameters in 

designing a well performing electrolyte. 
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The electrolyte influences both the ORR and OER mechanisms in Na-O2 systems as well as 

the chemical composition of the discharge products. Electrolyte instability is currently a 

major challenge in the field of Na-O2 batteries leading to poor cycle life[4]. One possibility to 

mitigate these challenges related to the Na-O2 system could therefore be to implement 

superconcentrated or highly concentrated electrolytes. Increasing the salt concentration 

beyond conventional concentrations changes the solution structure and result in several 

promising advantages such as increased oxidative and reductive stability[13,14]. The 

volatility is also lowered due to a reduced amount of free solvent molecules available in the 

electrolyte which together with an increased thermal stability leads to better battery 

safety[14]. A reduced volatility is also favorable since the Na-O2 is an open battery system 

with half of the cell exposed to oxygen, reducing the risk of solvent evaporation. For 

example, Suo et al. demonstrated an expansion of the electrochemical stability window of 

water using a highly concentrated aqueous electrolyte[15]. Aside from the many advantages 

associated with high concentration electrolytes there are also disadvantages with increasing 

the salt concentration. High salt concentration will generally reduce the ion conductivity due 

to ion pairing[14,16]. An increase in viscosity could also be problematic due to reduced 

wettability in the battery cells. Ultimately an increased amount of salt used in the electrolytes 

will increase material cost.[14] 

2.4 Formation of discharge products 

Whereas there are many similarities between Li-O2 and Na-O2 cells, the formation of 

discharge product is rather different. For Li-O2 cells, lithium peroxide (Li2O2) is generally 

accepted as the main discharge product compared to Na-O2 cells where a number of 

discharge products have been reported. The formation of sodium superoxide (NaO2) or 

sodium peroxide (Na2O2) as the major discharge products are commonly described for Na-O2 

cells and their theoretical cell voltage, capacity and energy density can be seen in Table 1. In 

addition to these, sodium carbonate (Na2CO3), sodium peroxide dihydrate (Na2O2 ∙ 2H2O) 

and sodium hydroxide (NaOH) have also been reported as discharge products. [3,4,9,10]. The 

reason why different research groups obtain different discharge products is not fully 

understood and contributing factors could be different experimental setups and cell 

components used[9]. Because of the variations of the discharge products described in 

literature, reports on Na-O2 batteries are to a large extent devoted to discussing and 

characterizing the formation of discharge products. 

As previously mentioned, the first study of a working Na-O2 cell was published by Peled et 

al. and was based on a polymer electrolyte with a molten sodium anode operating at about 

100℃ [8]. The discharge product was assumed to be sodium peroxide and the nature of the 

discharge product was not verified any further with analytical techniques. In 2011, Sun et al. 

described the first Na-O2 cell working at room temperature[7]. They identified Na2O2 and 

Na2CO3 as the discharge products using TEM, SAED and FTIR. The cell setup used was 

based on an H-shaped glass cell with a liquid aprotic electrolyte consisting of 1.0 M NaPF6 in 

a carbonate based solvent. The electrodes consisted of solid sodium foil as anode and a 

diamond like carbon thin film as the air electrode. In contrast to these result, Hartmann et 

al.[17] constructed a room-temperature Na-O2 cell based on an aprotic electrolyte where 
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cubic micrometre sized NaO2 was found as the only discharge product. The formation of 

sodium superoxide was identified using XRD, Raman spectroscopy and pressure monitoring. 

In addition, SEM analysis showed that NaO2 formed large micrometre sized structures which 

can be compared to Li-O2 cells where Li2O2 form nanosized toroids. Furthermore, the authors 

suggested that the single electron ORR of NaO2 is kinetically preferred over the two electron 

ORR that takes place during formation of Na2O2. 

A later, more detailed study on the cell chemistry of Na-O2 batteries was published in 2013 

by the same research group[6]. In agreement with their previous work, sodium superoxide 

was identified as the major discharge product by means of XRD, XPS, SEM, DEMS, 

pressure monitoring and UV/Vis and Raman spectroscopy[6]. Their reports also discussed 

two possible growth mechanisms for the formation and growth of the cubic sodium 

superoxide particles as can be seen in Figure 2. The initial sodium superoxide nucleus is 

formed when O2, dissolved in the electrolyte, is reduced to form O2
− radicals at the carbon 

cathode surface and combines with Na+[6]. Following this, the first mechanism involves 

formation of O2
− radicals on the carbon surface which re-dissolve into the electrolyte. NaO2 

then precipitates from the supersaturated solution and grow on the already existing 

superoxide nuclei. The other proposed growth mechanism suggests that the ORR takes place 

at the surface of the already formed NaO2 nuclei. For the latter mechanism, NaO2 needs to 

conduct electrons from the carbon electrode to the NaO2-electrolyte interface. 

 

Figure 2. Two possible growth mechanisms of NaO2 as suggested by Janek and co-workers[6]. In a) oxygen is reduces 

at the carbon fibre and re-dissolves into the electrolyte to form NaO2. In b) the oxygen reduction reaction takes place 

at the surface of NaO2. 

Kim et al. compared the difference in electrochemical reactions during cycling in Na-O2 

batteries using two different electrolyte solvents[18]. The solvents were propylene carbonate 

(PC) and tetraethylene glycol dimethyl ether known as tetraglyme (TEGDME). The carbon 

electrode was made of Ketjenblack and the whole cell based on a Swagelok design. In 

contrast to previous studies, Kim et al. identified sodium carbonate as discharge product 

when using carbonate based electrolytes and sodium peroxide dihydrate when using ether 

based electrolytes. The discharge products were identified using FTIR spectroscopy and 

XRD. The authors proposed reaction mechanisms for the discharge and charge processes for 

the two different electrolyte solvents and suggested that the water molecules in the sodium 

peroxide dihydrate might result from irreversible decomposition of the ether based 
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electrolyte. This is however contradictory with the findings of Hartmann et al. who found 

NaO2 as discharge product when using diethylene glycol dimethyl ether (diglyme). 

At about the same time Liu et al. [19] studied the discharge products in Na-O2 cells using 

both graphene nanosheets and a normal carbon film as electrodes. The electrolyte was an 

ether based electrolyte (DME). Using SAED they reported Na2O2 as the major discharge 

product and they found that discharge capacities comparable with Li-O2 cells were possible 

but the batteries showed a rather high overpotential during charging (>1.5 V). 

The relative stability of different discharge products in Na-O2 cells have also been discussed 

in two theoretical studies published at roughly the same time. However, the two research 

groups came to different conclusions as to which discharge product is the most stable one. 

Lee et al. used first principle DFT calculations to investigate the reaction mechanism in Na-

O2 batteries and studied the phase stability of different possible discharge products as a 

function of oxygen partial pressure [20]. They showed from calculated surface energies that 

sodium superoxide is thermodynamically preferred at standard operating conditions. The 

authors also suggested based on surface calculations during OER that NaO2 decomposition is 

more energetically preferable compared to the decomposition of Na2O, Na2O2 and Li2O2 

which might provide some insight towards the lower overpotential observed in Na-O2 cells 

versus Li-O2 cells. The other theoretical study was conducted by Kang et al.[21]. They also 

used first principle calculations to study the thermodynamic stability of various sodium oxide 

compounds with respect to oxygen partial pressure, temperature as well as crystal size. 

Interestingly, the authors demonstrated in contrast to the findings of Lee et al. that bulk 

Na2O2 is the more stable phase under standard conditions whereas NaO2 is metastable. NaO2 

only becomes more stable at the nanoscale with crystal sizes smaller than approximately 6 

nm due to its lower surface energy. Furthermore, it was demonstrated that sodium superoxide 

will remain thermodynamically stable at elevated oxygen partial pressure as a result of lower 

energy barriers for nucleation. 

The thermodynamic properties of Na-O2 batteries were further addressed in a report 

published by Bender et al. in 2014[22]. Based on thermodynamic data of bulk material at 

standard conditions, they concluded that Na2O2 is the most stable discharge product in Na-O2 

cells. On the other hand the two discharge products Na2O2 and NaO2 are energetically very 

similar with Gibbs free energy values of ∆𝐺𝑁𝑎2𝑂2

° = −449.7 𝑘𝐽𝑚𝑜𝑙−1 and ∆𝐺2𝑁𝑎𝑂2

° =

−437.5 𝑘𝐽𝑚𝑜𝑙−1 respectively. The small energetic difference (−12.2 𝑘𝐽𝑚𝑜𝑙−1) between the 

two products is also well illustrated by their standard cell potential which is 2.27 V for NaO2 

and 2.33 V for Na2O2. Depending on inaccuracy of the thermodynamic data, formation of 

NaO2 might as well be the more stable discharge product. The authors suggested that kinetic 

factors might influence the formation of discharge products and assumed that the type of 

carbon electrode could affect the kinetics. However, they concluded by testing a range of 

different carbon materials that it had no influence on the type of product formed but a 

difference in obtained capacities was observed. 

The performance of Na-O2 batteries are highly dependent on the type and morphology of the 

discharge product formed. While there is contradictory finding throughout literature as to 
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which product is formed in Na-O2 cells, the formation of NaO2 clearly exhibits lower 

instability and overpotential during cycling compared to Na2O2 and Na2O2 ∙ 2H2O. It seems 

that several factors such as applied potential window, current density, type of solvent and 

conducting salt as well as the amount of water in the electrolyte play a role in controlling the 

thermodynamic and kinetics and thereby the formation of discharge products in Na-O2 

batteries.  

2.5 Influence of water in Na-O2 cells 
The electrochemical performance of Na-O2 cells is greatly influenced by the amount of water 

present in the cells as mentioned in section 2.4 above. Water is highly reactive towards 

sodium and could also lead to changes in thermodynamics in the Na-O2 cells, influencing the 

formation of discharge product [10]. The influence of water has been an important aspect in 

this project with the effort of reducing the amount of water present in the cells and thus the 

risk of forming parasitic side reactions due to solvation of the highly nucleophilic superoxide 

ions for example. However, trace amounts of water present in the electrolyte has been shown 

to significantly increase the capacity[4,23–26] in both Li-O2 and Na-O2 cells. In a report 

published by Sun et al. they studied the influence of relative humidity on the electrochemical 

behaviour and reaction mechanism of Na-O2 batteries[23]. They concluded that the capacity 

indeed increased in humid environment compared to dry conditions but as a consequence the 

reversibility was greatly reduced. In addition, the discharge voltage plateaus increased with 

increasing humidity in air for all Na-O2 cells tested. Meini et al. investigated how the 

discharge capacity was influenced by water content in Li-O2 cells by comparing cells with 

and without water in the electrolyte[25]. They showed that a water contaminated cell with 

1000 ppm of water achieved a discharge capacity 2.8 times higher compared to the cell 

without added water. The authors also observed a higher discharge voltage plateau for cells 

with water added to the electrolyte. Furthermore, Guo et al. compared the electrochemical 

performance in Li-O2 batteries in pure and dry O2 with cells under pure O2 with 15% and 

50% relative humidity respectively[26]. The discharge capacity in Li-O2 cells with relative 

humidity of 15% increased to about twice that of the cells utilizing dry and pure O2. On the 

other hand, a higher relative humidity of 50% deteriorated the battery performance 

significantly with fading capacity. The discharge products were found to be mainly Li2O2, 

LiOH and Li2CO3 in humid conditions.  

Trace amounts of water could act as a catalyst, increasing the solubility of the highly 

nucleophilic superoxide ion and hence promoting the formation of NaO2. However, due to 

high reactivity of the superoxide ion and the hydroperoxyl radical, large amounts will 

degrade the electrolyte leading to side reactions and an overall deterioration of the cell 

performance. The reaction of different sodium oxide compounds with water should 

thermodynamically lead to the formation of NaOH and high water content in the Na-O2 cells 

should form either NaOH or Na2O2 ∙ 2H2O upon discharge[10]. On the other hand NaO2 has 

been found as discharge product in Na-O2 cells even with large amounts of water in the 

electrolyte [24,27].  
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3 Experimental preparation 
This chapter describes the preparation and setup used in this project for the Na-O2 battery and 

its components. 

3.1 Electrode preparation 
Preparation and manufacturing of sodium anodes were done in an argon-filled glovebox 

(Mbraun) with water and oxygen content maintained at less than 1 ppm. The anodes were 

prepared from sodium cubes in mineral oil (99.9% Sigma-Aldrich) which were cleaned by 

removing the oxide surface with a scalpel. The sodium was then pressed and calendered into 

thin films which were punched into electrodes with 11 mm in diameter. 

For cathode material two different commercially available materials were used. Carbon nano 

tubes (CNT) and carbon paper (Freudenberg H2315, Quintech) without any other 

modification. Both cathode materials were punched into electrodes with 12 mm in diameter. 

3.2 Electrolyte preparation 
Two different solvents were used in electrolyte preparation in this project, diglyme 

(anhydrous, 99.5 %, Sigma-Aldrich) and DME (BASF). Electrolytes based on DME were 

initially used but was changed to diglyme which is more frequently reported throughout the 

literature. The solvents were dried over 0.4 nm molecular sieves for more than a week and the 

water content of the solvents were then determined by Karl Fischer titration to be less than 27 

ppm for the DME and less than 19 ppm for the diglyme. The electrolytes were filtered using a 

needle filter.  

The conducting salts that were used was sodium triflate (NaCF3SO3, 99.5%, Solvionic), 

NaTFSI (NaN(SO2CF3)2, 99.5%, Solvionic), NaFSI (NaN(SO2F)2, 99.7%, Solvionic), sodium 

hexafluorophosphate (NaPF6, 98%, Sigma-Aldrich) and sodium perchlorate (NaClO4, 

≥98.0%, Sigma-Aldrich). The preparation and handling of the electrolytes were done in an 

argon-filled glove box with water and oxygen content below 1 ppm and ~20 ppm 

respectively. 

3.3 Cell assembly and electrochemical cycling 
The battery setup is based on a Swagelok design mounted inside a gas reservoir of 250 ml 

and both a schematic sketch of the Swagelok and the fully assembled cell can be seen in 

Figure 3. The anode consists of pure sodium metal with a diameter of 11 mm, glass 

microfiber filters (∅13 mm) as separators and two different types of carbon materials as the 

cathode; CNT and carbon paper. The amount of electrolyte applied to the cell varied 

between 150 − 200 μL. 

The cells were tested galvanostatically at room temperature (25 ℃) using a Digatron BTS-

600 battery test system. Before galvanostatic measurements the cells were flushed with pure 

oxygen (99.995 % ALPHAGAZ 1 oxygen, Air Liquide). This was done by first flushing the 

oxygen tubes for 15 min and then the cells for 30 min. Prior to galvanostatic testing of the 

cells, the batteries were given an equilibrium time. This was done in order to allow the 
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electrolyte to fully soak the cell before starting the measurement. In this project, most of the 

focus was on the first discharge but attempts at cycling the cells were also made.  

 

Figure 3. To the left, a schematic sketch of a Swagelok Na-O2 cell is shown and to the right a fully assembled 

Swagelok cell mounted inside a gas reservoir. 

3.4 Sample preparation for characterization  
Following the electrochemical cycling, the Na-O2 cells were analysed post mortem. The cells 

were disassembled in a glove box and washed in filtered DME. The cathodes were then 

placed in pouch bags which were vacuum sealed. For XRD studies the cathodes could be 

analysed directly through the pouch bag without exposing the sample to air. For SEM 

characterization, small pieces of the cathode were cut and placed onto carbon tape. Both the 

sides facing the separator and the oxygen were studied. The samples were placed inside a 

portable transfer box with inert environment which were then placed inside the vacuum 

chamber of the SEM and opened by remote to avoid exposure to air. 

3.5 Characterization methods 
This chapter describes the different techniques used to characterize the battery performance 

and the reaction products of Na-O2 cells in this project. 

3.5.1 Galvanostatic cycling 

Galvanostatic cycling is a method used to study the performance of electrochemical cells. 

During galvanostatic cycling a constant current is applied to the battery and the voltage 

response is measured as a function of time. During discharge a negative current is applied and 

when charged a positive current is used. This is done within a potential window defined by an 

upper and lower cut-off potential. The change in electrochemical performance during cycling 

can be seen from the obtained voltage profiles. The voltage profiles indicate at which voltage 

different reactions occur and give information about losses in the cell due to activation and 

concentration polarisation as well as ohmic losses. The method can be used to compare cells 

and follow their degradation in capacity over time.[16] 
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In this project galvanostatic measurements were made using a Digatron BTS-600 battery test 

system. 

3.5.2 X-ray diffractometry (XRD) 

X-ray diffractometry (XRD) is the most common technique used in materials 

characterization. The method can identify chemical compounds from their crystalline 

structure but not from their chemical composition of elements. The XRD instrument used to 

detect X-ray diffraction from different materials analysed is called an X-ray diffractometer. 

The principle of X-ray diffraction is based on constructive interference between 

monochromatic X-rays and a crystalline specimen. X-rays are generated in an X-ray tube in 

the instrument and filtered and collimated to produce X-ray beams with single wavelength. 

When X-rays are shined upon the specimen it diffracts into a pattern characteristic of that 

structure. During analysis the incident angle of the X-ray beam is continuously changed over 

a range of 2θ and the diffraction intensity recorded as a function of the diffraction angle. The 

obtained diffraction spectrum can then be matched with already known references.[28] 

In this project XRD analysis was performed using a STOE diffractometer with a MYTHEN 

1K Si-strip detector and CuK𝛼 radiation source. Transmission was used as scan mode and 

reference peaks were mostly obtained from the ICSD database. 

3.5.3 Scanning electron microscopy (SEM) 

Electron microscopy describes several instruments that use a beam of electrons for obtaining 

very high resolution images of samples and objects. For this project a scanning electron 

microscope (SEM) was used which is the most widely used type of electron microscope. The 

electrons are generated from an electron gun and focused with electromagnetic lenses to a 

narrow beam which is then scanned in a rectangular line pattern over the surface of the 

specimen. When the electron beam hits the surface of the specimen it interacts with the 

specimen through a series of collisions. Electrons are emitted by either elastic (backscattered) 

or inelastic collisions. Electrons can also be absorbed if they lose too much kinetic energy. 

Emitted electrons are registered by an electron detector and the intensity of the detector signal 

is proportional to the number of emitted electrons from the specimen. By synchronizing the 

detector signal with the incident electron beam a point to point image can be obtained of the 

specimen surface. The various signals generated by the electron-sample interaction can give 

information about the sample morphology, crystalline structure and orientation as well as 

chemical composition.[29]. 

In this project SEM was used to study the morphology of the discharge product accumulated 

on the carbon cathode surface. The SEM instrument that was used was a Zeiss Merlin High 

resolution field emission gun (FEG) SEM for surface imaging. It is equipped with an EDS 

system for element analysis and EBSD system for crystal orientation mapping. The cathodes 

were prepared in an argon-filled glovebox and transferred into the vacuum chamber of the 

SEM through a special transfer box which kept them under an inert environment to avoid 

exposure to the air. The SEM images were obtained from secondary electrons emitted from 

the carbon cathode specimens using an In-lens detector.  
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4 Experimentation 
This chapter describes the initial optimization of the battery system and the latter study of the 

influence of salt concentration on battery performance, formation of discharge product and its 

morphology. 

4.1 Optimization of the Na-O2 cells 
Different cathode materials, solvents and conducting salts were studied for the cell 

optimization. The cathode materials used were CNT and carbon paper. The solvents were 

diglyme and DME. Five different conducting salts were studied; these were NaOTf, NaTFSI, 

NaFSI, NaPF6 and NaClO4. The electrode materials, solvents and conducting salts were 

combined in different ways in order to find the optimal parameters for the battery system to 

operate. Other parameters that were changed to optimize the batteries were discharge current, 

cut-off potentials, equilibrium time, and filtering of the electrolytes. Another major 

modification to the battery system was to dry most of the components such as solvent, salt, 

separators and carbon electrodes to minimize water content. The discharge products for the 

assembled and discharged batteries were identified using ex situ XRD. 

Initially, DME was used as solvent for the electrolytes. The DME was dried over sieves in 

order to minimize water content which could facilitate side reactions in the cell. The salt that 

was initially studied was NaOTf with 0.25 M concentration in DME. CNT was mainly used 

as cathode material for the DME based electrolytes but carbon paper was also tested. All of 

the batteries made with DME based electrolyte were given an equilibrium time of 2 hours 

prior to galvanostatic measurement in order to allow the electrolyte to soak the cell. Besides 

the 0.25 M NaOTf electrolytes, concentrations of 1.0 M NaClO4 in DME with both CNT and 

carbon paper were also studied. The discharge currents that were used for the DME based 

electrolytes were 0.02, 0.05, 0.2 and 0.1 mA. The results from the galvanostatic discharge 

and charge curves were rather mixed. A majority of the batteries exhibited unstable voltage 

plateaus which indicate side reactions or decomposition of the electrolyte. When attempting 

to cycle the batteries they all failed. 

The solvent was switched from dried DME to dried diglyme and the electrolyte salt 

concentration was increased to 0.5 M. The positive electrode material was changed to carbon 

paper and the different discharge currents were limited to either 0.05 or 0.1 mA. The 

equilibrium time for the diglyme based batteries was initially kept at 2 hours as before but 

was increased to 5 hours to allow the electrolyte to fully soak the cell. This equilibrium time 

was kept for all other batteries throughout the project. When increased to 5 hours it seemed to 

result in smoother discharge curves with more stable discharge plateaus. Electrolytes with all 

of the five different salts were studied at this concentration but the majority of the assembled 

batteries were made with 0.5 M NaOTf in diglyme.  

The batteries were either capacity limited or discharged to maximum capacity. Capacity was 

limited to 0.5, 1.0 and 2.0 mAh. Overall, the discharge and charge curves looked more 

consistent for the 0.5 M concentration in diglyme compared to the DME based electrolytes. 

However, the discharge voltage plateaus still varied depending on the different salt used.  
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One of the first cells where sodium superoxide (NaO2) was identified as discharge product 

was made with filtered 0.5 M NaOTf in diglyme and dried carbon paper as positive electrode. 

The cell was discharged at 0.1 mA and capacity limited to 1.0 mAh. Based on the result from 

this cell the discharge current was increased to 0.1 mA for remaining batteries throughout the 

project. The galvanostatic discharge curve can be seen in Figure 4. The battery has a 

relatively flat voltage plateau with a small drop in potential in the beginning. 

 

Figure 4. Galvanostatic measurements on Na-O2 cell with 0.5 M NaOTf in diglyme electrolyte and carbon paper 

cathode. The cell was discharged at 0.1 mA for 10 h.  

The discharge product was identified using XRD as previously mentioned. The reflections 

corresponding to the (111), (200) and the (220) planes of the face-centered cubic crystal of 

aluminium (ICSD-606001) which originates from the pouch bag material can be seen as the 

large peaks in Figure 5. The corresponding angles are 38.47, 44.72, and 65.10°. Silicon was 

used as a reference to focus the sample and the corresponding peaks can be seen at angles 

28.44, 47.30, 56.12 and 69.13°. The peaks present at 32.49 and 46.60° were identified as 

NaO2 (ICSD-87177). 

 

Figure 5. X-ray diffraction pattern of a 0.5 M NaOTf battery. The battery was discharged at 0.1 mA for 10h. A 

strong peak at 𝟐𝛉 = 𝟑𝟐. 𝟒𝟗° is clearly visible and consistent with the (200) peak of 𝐍𝐚𝐎𝟐. 
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In addition to increasing the discharge current to 0.1 mA, measures were taken to further 

limit contributions of water from other components in the cell besides from the solvent. 

Carbon paper, separators and salts were all dried using a vacuum oven inside the glove box. 

The different drying procedures can be seen in Table 2. 

Table 2. Drying procedures for different components in the Na-O2 cell. 

 Temperature[℃] Drying time[h] 

Carbon paper 300 24 

Separators 300 24 

NaOTf 180 24 

NaTFSI 120 24 

NaClO4 180 24 

NaPF6 180 48 

Attempts of cycling the cells were also done with NaPF6, NaOTf, NaTFSI and NaClO4 based 

electrolytes. Two different separator configurations were explored based on previous 

attempts of cycling batteries with DME based electrolytes. This was done in order to mitigate 

possible dendrite formation. One configuration was to add another layer of glass fibre 

separators to the original cell setup. The other was to use two glass fibre separators with a 

Solupor separator sandwiched in between. Attempts of cycling a Na-O2 cell with 0.5 M 

NaPF6 in diglyme can be seen in Figure 6. The battery show a slight drop in potential at the 

beginning of the discharge curve followed by a stable voltage plateau. The overpotential 

between the charge and the discharge curve is about 0.4 V. The voltage plateau for the charge 

curve is flat until it reached about 0.3 mAh, after this the potential increases rapidly until it 

reaches about 0.35 mAh where another plateau seems to form indicating formation of side 

products. 

 

Figure 6. Galvanostatic cycling of a Na-O2 cell with 0.5M NaPF6 in diglyme electrolyte limited to 0.5 mAh capacity 

and cut-off potentials between 2-4 V. The battery was made with two glass fibre separators with Solupor in between.  
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4.2 Influence of electrolyte concentration on the Na-O2 cell performance 

4.2.1 Solubility of NaOTf in DME and diglyme 

The influence of higher concentration electrolytes was investigated for Na-O2 batteries in this 

project. A solubility test for the NaOTf salt in two different solvents DME (BASF, not dried) 

and diglyme (anhydrous, 99.5 %, Sigma-Aldrich), was carried out to study how much salt 

that could be dissolved in each solvent. The solubility test was performed on the NaOTf salt 

since it is the most widely used salt in the literature of Na-O2 batteries. Concentrations 

ranging from 1.0-5.0 M were investigated. The electrolytes were prepared by carefully 

weighing the salt and then adding a certain volume of solvent to obtain the different 

concentrations. To facilitate the dissolution of the salt, the electrolytes were placed on a 

magnetic stirrer. 

NaOTf seemed to be more soluble in DME compared to in diglyme. However, since the 

DME was highly volatile the solvent evaporated within some days whereas the high 

concentration electrolytes based on diglyme remained as prepared. 

For DME based electrolytes, concentrations with 1.0 M and 2.0 M dissolved easily with a 

transparent appearance. Concentrations higher than this became more viscous and cloudy in 

appearance and it is uncertain if these were completely dissolved. Concentrations higher than 

4.0 M NaOTf were insoluble with observed precipitations. Concentrations between 2.0 and 

4.0 M were very viscous and non-transparent but no clear precipitations were however 

observed. It is not clear if these were completely dissolved. 

The diglyme based electrolytes exhibited a slightly lower solubility and concentrations higher 

than 2.0 M became non transparent and very viscous. The electrolyte with 2.0 M NaOTf in 

diglyme was lightly heated at 60 ℃ under magnetic stirring for about 24 h. The electrolyte 

became transparent but flake-like precipitation of salt could be observed. The concentration 

was lowered to 1.5 M which dissolved easily indicating that the solubility of NaOTf in 

diglyme most likely is in the range of 1.5-2.0 M NaOTf. Completely dissolved electrolytes 

with 1.0 M and 1.5 M NaOTf in diglyme can be seen in Figure 7. Concentrations up to 4.0 M 

became very viscous and cloudy in appearance but seemed however to be partly soluble. The 

solubility for the two solvents for the different concentrations can be seen in Table 3. 

 

Figure 7. Prepared electrolytes with 1.0 M and 1.5 M NaOTf in diglyme. 
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Table 3. Solubility of NaOTf concentrations ranging from 1.0-5.0 M in DME and diglyme. 

Concentration DME Diglyme 

1.0 M Dissolved Dissolved 

2.0 M Dissolved Partly dissolved, transparent but with observed flakes 

3.0 M Very viscous, probably not dissolved Very viscous, probably not dissolved 

4.0 M Very viscous, probably not dissolved Very viscous, probably not dissolved 

5.0 M Not dissolved Not dissolved 

4.2.2 Influence of the concentration of sodium triflate (NaOTf) in diglyme  

Due to the volatile nature of DME three different electrolytes based on diglyme as solvent 

were prepared for the electrolyte concentration study. The concentrations were 0.5 M, 1.0 M 

and 1.5 M. A series of six batteries were made, two for each concentration. The focus of the 

experiment was only on the first discharge in order to characterize the electrochemical 

performance, obtained discharge products and their morphology. During discharge, the 

batteries were either limited to 2.0 mAh or discharged to maximum capacity. Discharge 

current was set to 0.1 mA with a cut off voltage of 2.0 V. Some changes were made to the 

cell setup as well. The sodium anodes were increased from 11 mm to 12 mm in diameter and 

double glass fibre separators were used. The amount of electrolyte was maintained at 150 μL 

and carbon paper and steel mesh were also used as before. 

Following the galvanostatic discharging, the batteries were disassembled, washed and 

prepared for analysis as previously described in section 3.4. The batteries were analysed 

using SEM and ex situ XRD. The 0.5 M batteries were made prior to the 1.0 M and 1.5 M 

batteries and thus were scanned using other settings in XRD. Silicon was used as a reference 

to focus the 0.5 M NaOTf samples. The focus was set on the first reflection of silicon 

(28.44°). The scan ranges in 2θ were set from 27 to 38.27° for 0.5 M NaOTf with maximum 

capacity and between 30 and 38.83° for the 0.5 M NaOTf capacity limited battery as can be 

seen in Figure 10. The batteries made with 1.0 M and 1.5 M NaOTf concentration all had the 

same settings during XRD analysis. These were focused at the strongest diffraction peak for 

sodium superoxide (32.49°) and were scanned in the range of 27 to 70.545°.  



23 

 

5 Results and discussion 
This chapter presents and discusses the results from Na-O2 cells using different concentration 

of sodium triflate (NaOTf) dissolved in diglyme as the electrolyte. 

5.1 Galvanostatic measurements 
The series of batteries described in section 4.2.2 were galvanostatically discharged using two 

different discharge procedures. The batteries were either limited by capacity of 2.0 mAh or 

discharged to maximum capacity (limited to low cut-off voltage of 2.0 V). The galvanostatic 

measurements can be seen in Figure 8 and Figure 9 respectively. 

The capacity limited batteries have similar appearance with flat voltage plateaus in general 

with some slight voltage differences. The voltage plateaus seem to be proportional to the 

electrolyte concentration with 1.5 M NaOTf having the highest voltage plateau followed by 

1.0 M and lastly 0.5 M. A drop in potential can be observed in the beginning of the discharge 

curves of 0.5 M and 1.5 M. The open-circuit voltage (OCV) is indicated with a dashed line 

for each battery. The 0.5 M NaOTf exhibit the highest OCV followed by the 1.5 M and 1.0 M 

which have very similar OCV. 

 

Figure 8. Galvanostatic measurement of Na-O2 cells with three different electrolyte concentrations; 0.5 M, 1.0 M and 

1.5 M NaOTf in diglyme. The batteries were discharged with a current of 0.1 mA for 20 h with a cut-off potential of 

2.0 V.  

The voltage plateaus for the batteries discharged to maximum capacity follow the same trend 

as the capacity limited batteries, higher electrolyte concentration results in higher voltage 

plateaus. The shapes are however somewhat different. A drop in potential can be observed in 

the beginning of the discharge curves as observed for the capacity limited batteries. This is 

most pronounced for the 0.5 M and 1.5 M batteries. All curves exhibit larger decrease in 

potential with increasing capacity compared to the capacity limited batteries which had more 

stable voltage plateaus. Furthermore, the 1.5 M battery also seems to have a second plateau 

starting just below 3.0 mAh where the drop in potential with increasing capacity levels out 

compared to the rest of the discharge curve. The 1.5 M battery reached the highest capacity 

followed by the 1.0 M and lastly the 0.5 M. As in previous figures the dashed lines indicate 

the OCV. 
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Figure 9. Galvanostatic measurement of Na-O2 cells with three different electrolyte concentrations; 0.5 M, 1.0 M and 

1.5 M NaOTf in diglyme. The batteries were discharged with a current of 0.1 mA with a cut-off potential of 2.0 V.  

5.1.1 Discussion 

From the results of the two different discharge procedures shown in Figure 8 and Figure 9 a 

trend of increased voltage plateaus can be seen with increased salt concentration. Another 

trend that could be observed was that the capacity increased with higher concentrations as 

shown in Figure 9. However, it should be mentioned that the reproducibility of these battery 

cells seems to be quite challenging. The small difference in OCV between the cells in Figure 

8 and Figure 9 might be due to varying pressure from the springs used in the cells. 

As described in section 2.5, trace amounts of water present in the electrolyte has been shown 

to significantly increase capacity in both Li-O2 and Na-O2 cells which could provide a 

possible explanation towards the increased capacity observed with higher concentration. An 

increased salt concentration would also increase the amount of impurities such as water in the 

electrolyte which could possibly explain the observed increase in both discharge capacity and 

voltage plateaus. However, the additional water molecules would only originate from the 

dried sodium triflate which has a specified water content of less than 20 ppm water before 

drying. In combination with the solvent (19 ppm), the total water content in the electrolyte 

should be quite low compared to some of the articles discussing the influence of water 

content on discharge capacity in Li-O2 and Na-O2 cells as previously mentioned. The sodium 

anode should also act as a water trap, consuming water in the cell. 

Interestingly, a study published by Xia et al. showed that the solution mediated path for 

growth of NaO2 as discussed in section 2.4 is possible and driven by a proton phase transfer 

catalyst[24]. The proton could originate from any source but is suggested to derive from H2O, 

resulting in highly soluble HO2 radicals. The authors compared a highly pure and completely 

anhydrous NaOTf salt with a commercial one and observed that trace amounts of water lead 

to a substantial increase in discharge capacity. The influence of water content in 

NaOTf/diglyme electrolyte on discharge capacity was studied in a range of 0-100 000 ppm 

water. By adding trace amounts of as little as 8 and 14 ppm water, respectively, they 
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observed a significant increase in both discharge capacity as well as in NaO2 cube crystal 

size. This trend reached a maximum at 100 ppm and then declined suggesting a catalytic 

process with H2O or rather the protons. They suggested that protons from the water act as a 

carrier for the superoxide in the form of soluble HO2. HO2 desorbs from the carbon electrode 

surface into the electrolyte where it combines with Na+ ions, initializing NaO2 crystallization. 

They concluded that a proton catalyst significantly improved the transport of superoxide and 

that the higher discharge capacity could be assigned to the formation of large cubic NaO2 

crystals. They also showed that proton donors like acetic acid and benzoic acid will have a 

similar effect.  

Even though HO2 could enhance the transport of superoxide and hence give an increase in 

discharge capacity, it will lead to side reactions with the electrolyte and the carbon cathode if 

the amounts are too high. A tendency of larger NaO2 cubic crystals could be observed 

between the 0.5 M and 1.0 M batteries discharged to maximum capacity shown in section 

5.3. This is in agreement with the observed correlation between higher water content and 

larger NaO2 cubic crystals as described by Xia et al. [24]. It should however be mentioned 

that the tendency of larger NaO2 cubic crystals in 1.0 M concentration might not be 

representative of the specimen since the analyzed area is very small and cubes with equal size 

as those observed in the 0.5 M concentration are present as well. The fact that even small 

amounts of water such as tens of ppm, which would be well within the range of what is 

expected in the cells of this project, could influence the discharge capacity considerably, 

might play a role in explaining the observed trends in Figure 8 and Figure 9. 

Another explanation might be connected to the Gutmann donor number (DN) of the 

electrolytes, which is a measurement of the Lewis basicity of cations. For Li-O2 batteries it 

has been shown that high-DN solvents result in enhanced solubility and lifetime of O2
− as 

well as a considerable increase in discharge capacity in contrast to low-DN solvents [30–32]. 

The high-DN solvents are believed to better support a solution mediated growth mechanism 

leading to an increase in discharge capacity due to the formation of toroidal particles of Li2O2 

instead of Li2O2 thin films. Furthermore, Liu et al. showed that the growth of discharge 

products could be tailored by changing the Li+ concentration in Li-O2 batteries[33]. They 

studied LiTFSI in TEGDME with concentrations ranging from 10−3 M to 5.0 M and found 

that the discharge capacity increased with increasing Li+ concentration due to enhanced 

utilization of the electrode volume. By altering the Li+ concentration it is possible to promote 

a three-dimensional growth of the discharge product rather than a thin film. The highest 

discharge capacity was observed between 2.0 M and 3.0 M.  

Aldous et al. demonstrated that the solvent will influence the discharge capacity and growth 

mechanism in Na-O2 cells[34]. High-DN solvents lead to a higher solvation of superoxide 

and hence a formation of an ion pair between Na+and O2 (ads)
−  which will aggregate and 

precipitate to form NaO2 through a solution mediated pathway. This ion pairing is not 

observed in low-DN solvents which favor the formation of Na2O2 instead through a surface 

mediated mechanism. Wang et al. also studied the influence of donor number on the 

formation of discharge products[35]. In agreement with Aldous et al. they demonstrated that 
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NaO2 is preferentially formed in electrolytes with medium or high-DN (>12.5) while 

electrolytes with low-DN (<12.5) can form a mixture of both NaO2 and Na2O2. 

The electrolyte in this project consisted of sodium triflate in diglyme. Diglyme which is a 

medium donor number solvent has a DN of 19.2 [36] and triflate anions has a DN of 

16.9[37]. The triflate anion is from LiOTf salt and is based on measurements using 

tetrabutylammonium as the counter cation[37], but the DN should be similar to that of 

NaOTf. The combination of NaOTf and diglyme should result in an electrolyte with medium 

DN. The increased salt concentration will also increase the amount of triflate anions and 

might therefore have an influence on the overall DN of the electrolyte. The increased 

solubility and lifetime of superoxide in high-DN electrolytes might then promote the 

formation and growth of large NaO2 cubic crystals through a solution mediated pathway, 

enhancing the discharge capacity similar to the reported toroidal Li2O2 discharge products in 

Li-O2 batteries. 

Furthermore, all discharge curves exhibited an increase in potential at the beginning of the 

discharge curve. A possible explanation for this could be initial nucleation of discharge 

products which would require activation energy. When the nucleation growth proceeds and 

the discharge voltage potential flatten out the system reaches equilibrium. The discharge 

voltage plateaus ranges between 2.05 and 2.15 V depending on the concentration used. These 

results are comparable with that of Hartmann et al. [6] who reported a discharge voltage 

plateau at approximately 2.15 V using 0.5 M NaOTf in diglyme with a similar cell setup. 

5.2 Identification of the discharge products 
The discharge product was identified using transmission X-ray diffraction. Sodium 

superoxide (Fm3̅m NaO2) was found as discharge product in all of the batteries studied for 

the influence of salt concentration. The 0.5 M batteries were made prior to the 1.0 M and 1.5 

M batteries and thus were scanned using other settings. Both batteries in Figure 10 have well 

defined peaks at 32.49° which correspond well with the strongest reflection of NaO2. 

However, since the scanning range used for the 0.5 M batteries in Figure 10 is too short to 

include the second and the third strongest reflection of NaO2 it should serve more as an 

indication of NaO2 as discharge product. 
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Figure 10. X-ray diffraction patterns of carbon cathodes from Na-O2 cells with 0.5 M NaOTf in diglyme. 

The first, second and the third strongest diffraction peak for Fm3̅m NaO2 (ICSD-87177) are 

marked with a dashed line in Figure 11. The corresponding angles are 32.49, 46.60 

and 55.27°. In addition to NaO2, sodium peroxide dihydrate (Na2O2 ∙ 2H2O)[38] was also 

identified as a discharge product for the capacity limited battery with 1.0 M NaOTf. The first 

peak corresponding to sodium peroxide dihydrate is marked with the molecular formula and 

the following peaks with an asterisk. This diffraction pattern is, however, not that well 

defined and might not be fully reliable. The three large peaks that can be seen in all of the 

diffraction patterns in Figure 11 correspond to the first, second and third diffraction peaks of 

aluminium (ICSD-606001) which originates from the pouch bag material. The angles are 

38.47, 44.72, and 65.10° respectively. The aluminium peaks are indicated in the diffraction 

pattern for the pristine carbon cathode. There are some reoccurring peaks visible in the 

diffraction pattern of Figure 5, Figure 10 and Figure 11 that could not be matched with 

known references. Therefore, a pristine sample of the carbon cathode and a cell with 1.5 M 

NaOTf which was set to rest for 20h without any discharging were assembled as comparison 

to the other diffraction patterns. No differences in the diffraction pattern for the pristine 

carbon cathode and the battery cell that was set to rest for 20h was observed other than the 

silicon reference used to focus the specimen. The first reflection of the silicon reference is 

indicated in Figure 11 and the rest indicated with a black diamond symbol. 
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Figure 11. X-ray diffraction patterns of discharged carbon cathodes, a pristine carbon cathode and a cell that has 

been resting for 20h. The four upper XRD patterns are from the carbon cathodes after the first discharge. Three 

large peaks in the diffraction patterns correspond to aluminium from the pouch bag material. The first, second and 

third diffraction peak of aluminium are indicated in the pristine sample. The four upper samples are focused using 

the strongest peak of NaO2 indicated with a dashed line at 𝟐𝛉 = 𝟑𝟐. 𝟒𝟗°.  

5.2.1 Discussion 

The salt concentration of the electrolytes does not seem to have had any apparent influence 

on the composition of the discharge product based on the results in Figure 10 and Figure 11. 

Sodium superoxide with space group Fm3̅m was identified in all of the analyzed batteries. In 

addition to the identification of NaO2 as discharge product, a mixture of NaO2 and Na2O2 ∙

2H2O was obtained in the 1.0 M capacity limited battery. The reason to why both NaO2 and 

Na2O2 ∙ 2H2O have formed in only the 1.0 M capacity limited battery is not entirely clear 

since several parameters will influence both thermodynamics and kinetics in the battery 

system and thus the formation of discharge products as discussed in section 2. It is suspected 

that NaO2 might have reacted with water from either air or decomposition of electrolyte to 

form Na2O2 ∙ 2H2O. This explanation is supported by Ortiz-Vitoriano et al. who showed that 

NaO2 could be converted into Na2O2 ∙ 2H2O when exposed to air[27]. They identified NaO2 

as the initial discharge product using XRD and Raman spectroscopy and found that Na2O2 ∙

2H2O also appeared over time during longer scans of 2 and 3 hours. It even increased in 

intensity becoming the major discharge product. They suggested that leakage from the XRD 

sample holder and hence exposure to air as a probable source of water. Batteries with up to 



29 

 

6000 ppm water in the electrolyte were also prepared to study the influence of water on the 

discharge product but they found that NaO2 was the main discharge product in these batteries 

as well, despite the high water content. This indicates that the conversion of NaO2 to Na2O2 ∙

2H2O cannot adequately be explained by only the reaction between NaO2 and water. 

Exposure to the ambient air during XRD analysis could be possible in our case if the pouch 

bags were not sealed properly during cell disassembly and sample preparation.  

Kim et al. also discussed the transformation from NaO2 to Na2O2 ∙ 2H2O but suggested that 

the conversion takes place in the electrochemical cell and not through exposure to ambient air 

during post mortem analysis[11]. They showed that the electrochemically formed NaO2 is 

unstable and will transform to Na2O2 ∙ 2H2O in absence of an applied current. Sodium 

superoxide was identified as the only discharge product by the means of XRD and Raman 

spectroscopy directly after the discharge. The authors then applied different resting times to 

the cells and found that an increase in resting time lead to a decrease of the NaO2 peak. At the 

same time the characteristic peak corresponding to Na2O2 ∙ 2H2O appeared and began to 

grow. The initial discharge product of NaO2 was completely transformed after 12 hours of 

rest. The time-dependent transformation of the discharge product was attributed to 

spontaneous dissolution and ionization of NaO2 into the electrolyte resulting in free O2
− ions. 

The highly reactive superoxide ion would then further react with the electrolyte solvent 

causing side reactions and the formation of Na2O2 ∙ 2H2O. 

The transformation of the discharge product during rest seems like a more plausible 

explanation to why both NaO2 and Na2O2 ∙ 2H2O were identified as discharge products in the 

1.0 M battery limited by capacity. The resting time before disassembly and sample 

preparation might have varied depending on if the batteries finished discharging during night 

or not. The resting time of the 1.0M capacity limited battery might therefore have been longer 

compared to the other batteries and thus facilitated the formation of Na2O2 ∙ 2H2O. The exact 

rest time was however not documented. 

Side reactions linked to water present in the cells or dissolution and ionization of NaO2 could 

possibly be attributed to the several unidentified peaks visible in Figure 10 and Figure 11. 

These peaks are mainly located at the angles 29.07, 34.78, 35.36 and 36.07°. Possible side 

products such as NaF, NaOH, Na2CO3 and Na2SO3 were investigated but could not be 

matched with the unidentified peaks. Because of difficulties in identifying the unknown 

peaks, a cell with 1.5 M concentration was assembled and left to rest for 20h without an 

applied current. This was done in order to see if the unknown peaks were formed 

electrochemically or spontaneously. The peaks could also have originated from the pouch bag 

material or residues in the DME used to clean the specimens. From the diffraction patterns, it 

is however clear that the peaks are formed electrochemically during discharge and could be 

attributed to decomposition of either the salt or the solvent. The formation of Na2O2 ∙ 2H2O 

in the 1.0 M capacity limited battery during discharge should result in a change in the 

corresponding discharge profile shown in Figure 8. However, no apparent changes can be 

seen, except possibly some minor variations between 1.25 and 1.5 mAh. This is more likely 

caused by handling of the battery during discharge. Consequently this further strengthens the 
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theory of Kim et al.[11] that the transformation from NaO2 to Na2O2 ∙ 2H2O occurs during 

resting of the cell in absence of an applied current.  

Another question that arose when analyzing the XRD data was if the results are 

representative of the entire carbon cathode or if the X-ray beam is only hitting a small area of 

the carbon cathode. The size of the X-ray beam hitting the sample was therefore measured 

using a fluorescent film which emitted light from the area exposed to X-rays as can be seen in 

Figure 12. The area was about the size of the divergence slit which is about 1 mm in width 

and 10 mm in length. Since the carbon cathodes are 12 mm in diameter and the sample is 

rotating during XRD analysis the obtained diffraction patterns should give an accurate result 

of the discharge products formed on the entire carbon cathode. 

 

Figure 12. Size of the X-ray beam hitting the sample in the diffractometer visualized using a fluorescent film. 

5.3 Morphology of the discharge products 
SEM was used to analyse the morphology of the discharge products formed in the Na-O2 

cells. This was done for the 0.5 M NaOTf battery discharged to maximum capacity and for 

both of the 1.0 M NaOTf batteries. Images were taken on both sides of the carbon cathode in 

order to study differences between the side facing the glass fibre separator and the side 

exposed to oxygen at the open end of the cell. The images are all shown in a series of four 

different magnifications. 

5.3.1 0.5 M NaOTf – Discharged to maximum capacity 

SEM images of the carbon cathode obtained from the 0.5 M NaOTf battery that was 

discharged to maximum capacity can be seen in Figure 13. The images show the morphology 

of the discharge product captured at the oxygen side and on the edge of the carbon cathode 

and an overview can be seen in Figure 13 a). The formed discharge product can be seen 

covering most of the fibres in the carbon cathode. However some parts not covered with 

discharge product are visible. An increase in magnification clearly shows cube-like crystals 

that seem to be growing from the carbon cathode substrate. The cube-like crystals are mixed 

in with discharge product with different morphology. The mixture of cubes and flakes can be 
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further studied in Figure 25 and Figure 26, Appendix. Besides the discharge products having 

cube-like structure, flakes can be seen growing from both the substrate and the cubes which 

can be seen in Figure 13 (b-d).  

 

Figure 13. SEM images of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured at the edge of the carbon 

cathode on the oxygen side and show the morphology of the discharge products at four different magnifications. In a) 

500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

The SEM images in Figure 14 are also captured from the oxygen side of the cathode but 

towards the middle. An overview can be seen in Figure 14 a) at 500 X magnification. A scale 

like growth of discharge product can be seen covering the carbon cathode fibres. The 

morphology of the discharge product is different from the morphology observed in Figure 13. 

No cube shaped crystals can be observed and the scale like layer of discharge product that 

can be seen is somewhat similar to the layer of flakes observed in Figure 13 but seem to be 

more incoherent and rounder in appearance. 
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Figure 14. SEM images of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured at the middle of the cathode on 

the oxygen side and show the morphology of the discharge products at four different magnifications. In a) 500 X. b) 

5.00 kX. c) 10.00 kX and d) 25.00 kX. 

A slight difference in the amount of discharge product formed can be seen between the 

oxygen and separator side of the carbon cathode. Less amount of discharge product has 

formed on the separator side of the carbon cathode and parts of the carbon substrate are not 

covered with product which can be seen in Figure 15. The images were taken with four 

different magnifications towards the edge of the carbon cathode. Smaller fibre threads can be 

seen in all of the images in Figure 15; these are residues from the glass fibre separators. The 

morphology of the discharge product formed on the separator side is rather homogeneous 

with sharp needle like flakes randomly distributed across the carbon cathode. 

SEM images were also taken closer towards the middle of the carbon cathode to study 

variations in the morphology. There were however not any major differences in the 

morphology and overall appearance compared to that of Figure 15. The SEM images taken 

towards the middle of the carbon cathode on the separator side can be seen in Figure 27 in 

Appendix. 
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Figure 15. SEM images of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured towards the edge of the carbon 

cathode on the separator side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

 

5.3.2 1.0 M NaOTf – Discharged to maximum capacity 

SEM images of the carbon cathode obtained from the 1.0M NaOTf battery that was 

discharged to maximum capacity can be seen in the figures below. Figure 16 show the 

morphology of the discharge products formed at the oxygen side of the carbon cathode. The 

images are taken towards the middle of the carbon cathode and micrometre sized cube-like 

crystals can be seen growing from the carbon substrate. This can clearly be seen in Figure 16 

(b-d). In addition to the cubic like crystals, flakes seem to grow both from the carbon 

substrate between the cubes as well as from the surface of the cubes which can be seen in 

Figure 16 d). The sizes of the cubes are about 5-15 μm but vary across the carbon cathode. 

The surfaces of the cubes are not completely smooth and it looks like they might have begun 

to decompose by the looks of Figure 16 d). This can be seen more clearly in Figure 28 and 

Figure 29 in Appendix. 
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Figure 16. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured towards the middle of the 

carbon cathode on the oxygen side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

SEM images from the same side of the carbon cathode as the ones in Figure 16 but captured 

at another position at the middle of the carbon cathode can be seen in Figure 17. As in the 

previous images, cube like crystals can clearly be seen. The morphology is however slightly 

different with large, thin and rectangular flakes growing from and around the cubes. The 

rectangular flakes can be seen at greater magnification in Figure 30 and Figure 31 in 

Appendix. The thickness of the rectangular flakes ranges from about 100 to 270 nm as can be 

seen in Figure 32 in Appendix. 
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Figure 17. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured towards the middle of the 

carbon cathode on the oxygen side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX.  

Images captured from the oxygen side of the carbon cathode but towards the edge can be seen 

in Figure 18. As previously observed, cube like crystals with thin and rectangular flakes can 

be seen here as well with slightly less coverage of discharge product. However, the cubes and 

the rectangular flakes have a rougher surface and seem to be more decomposed compared to 

previous images captured at the middle of the carbon cathode. The cubes in Figure 18 are 

about 4 μm in size as measured in Figure 35, Appendix. 
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Figure 18. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured towards the edge of the carbon 

cathode on the oxygen side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

Characterization with SEM was also done on the separator side of the carbon cathode for the 

1.0 M NaOTf battery discharged to maximum capacity as can be seen in Figure 19. The 

images are captured towards the edge of the carbon cathode. Less discharge product has 

formed on the separator side which can be seen in the overview shown in Figure 19 a). Cube-

like crystals are however visible at this side as well but to a smaller extent. Small flakes can 

be seen growing from the surface of the cubes as previously observed in Figure 16 and Figure 

17. 
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Figure 19. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The images were captured towards the edge of the carbon 

cathode on the separator side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

 

5.3.3 1.0 M NaOTf – Capacity limited 

SEM images of the carbon cathode obtained from the 1.0 M NaOTf battery limited by 

capacity can be seen in the figures below. No cubic shaped crystals were observed in these 

figures. Compared to the 1.0 M NaOTf battery discharged to maximum capacity considerable 

less amount of discharge product has been formed. The morphologies of the discharge 

products between these two batteries are also different. 

The morphology of the discharge product formed at the oxygen side of the carbon cathode 

can be seen in four different magnifications in Figure 20. The images are taken towards the 

middle of the carbon cathode. Micrometre sized rectangular shaped plates can be seen 

growing from the carbon substrate which can be seen in Figure 20 (b-d). The rectangular 

plates are about 3 μm wide, 2 μm high and 200 nm thick and the measurements are shown in 

Figure 36 and Figure 37, Appendix. The smooth area surrounding the plates could be 

mistaken for the carbon substrate but an increase in magnification shows that this area is 

covered by a smooth layer of microcrystalline discharge products which can be seen in more 

detail in Figure 36 and Figure 37, Appendix. 
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Figure 20. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The images were captured towards the 

middle of the carbon cathode on the oxygen side. The images show the morphology of the discharge products at four 

different magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

The morphology of the discharge product shown in Figure 21 is captured from the same side 

of the carbon cathode as the ones showed in Figure 20 but towards the edge of the carbon 

cathode. The morphology is slightly different and the discharge products have a more flake 

like appearance compared to the thin rectangular shaped plates observed in Figure 20. The 

flake like morphology is comparable to the morphology observed in previous batteries. The 

carbon substrate is partly visible in Figure 21 (b, c). In contrast to the smooth areas observed 

in Figure 20 these parts are not covered with microcrystalline product. 
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Figure 21. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The images were captured towards the 

edge of the carbon cathode on the oxygen side. The images show the morphology of the discharge products at four 

different magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

The morphology of the discharge product formed on the separator side of the carbon cathode 

of the 1.0 M NaOTf battery limited by capacity can be seen in Figure 22 and Figure 23. The 

images are captured towards the middle of the carbon cathode. An overview of the separator 

side of the carbon cathode can be seen in Figure 22 a). It shows a rather heterogeneous 

morphology with a few large flakes grouped together surrounded by a network of smaller 

grains forming a crust around the carbon fibre substrate. The discharge product formed like a 

crust seems to be growing in form of spherical like nuclei. This can be seen at higher 

magnification together with the flakes in Figure 22 d). A more enhanced image of the flake 

and the spherical nuclei is shown in Figure 38, Appendix. From this image the nuclei seem to 

be fused together, forming an uneven crust which partly covers the carbon substrate between 

the larger flakes. Measurements of these nuclei show that they are about 100 to 300 nm in 

dimension which can be seen in Figure 39, Appendix. The flakes are a few μm in size and 

some have a rectangular shape while others are more irregular which can be seen in Figure 22 

b). The thickness of the flake shown in Figure 22 d) is about 50 to 100 nm and the 

measurements can be seen in Figure 40, Appendix. 
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Figure 22. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The images were captured towards the 

middle of the carbon cathode on the separator side. The images show the morphology of the discharge products at 

four different magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

Images captured on the separator side towards the middle of the carbon cathode but at 

another position can be seen in Figure 23. Despite the image being captured on the same side 

as the ones shown in Figure 22, the morphology is different with a more homogenous flake 

like appearance distributed across the carbon cathode fibres as previously observed. The 

overview of the carbon cathode illustrated in Figure 23 a) shows that most of the outer fibres 

are covered with less discharge product compared to the inner ones seen at greater 

magnification in Figure 23 (b-d). Large parts of the outer fibres are not covered with 

discharge product at all. The uncovered parts can be seen more clearly in Figure 41, 

Appendix, which is taken on the same side but towards the edge of the cathode. In Figure 41 

clusters of sharp flakes can be seen growing along the fibres. 



41 

 

 

Figure 23. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The images were captured towards the 

middle of the carbon cathode on the separator side. The images show the morphology of the discharge products at 

four different magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

A comparison of the morphology of the discharge products formed on the oxygen side of the 

carbon cathode can be seen in Figure 24. The morphology of the 0.5 M and the 1.0 M battery 

discharged to maximum capacity are quite similar with cube-like crystal observed in both 

batteries as can be seen in Figure 24 (a, b). The cube-like crystals observed in the 1.0 M 

battery seem to be slightly larger compared to those in the 0.5 M battery. The cube surface is 

also rougher and the edges more dull. A completely different morphology than that of the 0.5 

M and 1.0 M battery discharged to maximum capacity can be seen in the 1.0 M battery 

limited by capacity, see Figure 24 (c, d). 
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Figure 24. Comparison of the morphology of the discharge product with different salt concentrations. The SEM 

images are all captured at the oxygen side of the carbon cathode and show a) the 0.5 M battery discharged to 

maximum capacity. b) The 1.0 M battery discharged to maximum capacity and (c, d) the 1.0 M battery limited by 

capacity. 

5.3.4 Discussion 

From the SEM images of the 0.5 M and 1.0 M batteries discharged to maximum capacity, 

cube-like crystals with dimensions of 5-10 μm can clearly be seen which is consistent with 

what has been widely reported in literature as NaO2 cubes[6,17,22,24,27,39]. The cubes in 

the 1.0 M battery have rougher surfaces and seemed to be slightly larger compared to the 

smooth cubes observed in the 0.5 M battery. Less discharge product was also found on the 

separator side of the cathode in all batteries which is expected due to higher concentration of 

oxygen on the oxygen side of the carbon cathode. There were also variations in morphology 

across the cathodes as well as between the side facing the separator or the oxygen.  

In the 0.5 M battery, NaO2 cubes were only visible on the oxygen side of the carbon cathode 

whereas the separator side only exhibited sharp needle-like flakes. These were observed at 

both the middle and towards the edge of the cathode. The flakes were also mixed in with the 

cubes on the oxygen side of the cathode. 

In the 1.0 M battery discharged to maximum capacity, the cube-like crystals attributed to 

NaO2 could be seen at both the oxygen side and the separator side of the carbon cathode. The 

cubes seems to be slightly larger with this concentration compared to the 0.5 M battery which 

could be due to trace amounts of water acting as a catalyst, promoting the NaO2 cube growth 

as previously discussed in section 5.1.1[24]. The potential change in DN of the electrolytes 

with increased salt concentration could also play a role in explaining the larger NaO2 cubes. 

As mentioned, the surfaces of the cubes in this battery had rougher surfaces compared to 



43 

 

those in the 0.5 M battery. In Figure 18 the cubes also seems to have been partly dissolved 

with smudged sides and edges. A spontaneous dissolution and ionization of the NaO2 in 

absence of an applied current, as suggested by Kim et al. [11] might explain the appearance 

of these cubes depending on how long the cell rested before disassembly. 

Interestingly, no cubes were observed in the 1.0 M battery limited by capacity despite NaO2 

being identified as one of the discharge products by XRD. This was also the only battery 

where Na2O2 ∙ 2H2O was identified, which suggests that the NaO2 have dissolved and 

transformed into Na2O2 ∙ 2H2O due to exposure of the cell environment. This would be 

consistent with the observed changes in morphology made by Kim et al. [11]. They found 

that the surface and edges of the NaO2 cubes became increasingly coarser and dull with 

increasing rest time and completely disappeared after the total rest period of 12 hours. The 

instability of NaO2 in the cell environment is also supported by Landa-Medrano et al.[40]. 

This does however not completely explain the absence of NaO2 cubes in the 1.0 M battery 

limited by capacity since NaO2 also was identified during XRD analysis which would not be 

possible if a complete transformation of NaO2 took place in the cell during rest. It is therefore 

possible that some cubes are present in the sample but not represented in the small pieces of 

the carbon cathode prepared for SEM analysis. Another possibility is that the morphology of 

NaO2 has transformed from the widely reported cubic crystals during rest through solution 

mediated dissolution and nucleation. Ortiz-Vitoriano et al. [27] for instance observed a 

change in NaO2 morpholgy with increasing water content in the electrolyte but no change in 

XRD data. 

A large variation in morphology of the discharge products can be seen in the 1.0 M capacity 

limited battery. There are sharp flakes, thin rectangular plates, spherical-like nuclei and 

microcrystalline discharge products covering the carbon cathode. Whether any of these 

morphologies can be attributed to Na2O2 ∙ 2H2O or NaO2 is difficult to say and cannot be 

done with SEM alone. In addition it has been reported that Na2O2 ∙ 2H2O could be both 

crystalline and amorphous[10].   
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6 Conclusion  
In this work, the influence of different concentrations of sodium triflate on the 

electrochemical performance as well as the formation and morphology of the discharge 

products of Na-O2 batteries has been studied. Optimization of the Na-O2 cells has also been a 

major part of this project. Initial improvements was to a large extent focused on limiting 

contribution of water from cell components such as solvent, salt, separators and carbon 

electrodes which seemed to result in more stable discharge curves. The solubility of sodium 

triflate was found to be higher in DME compared to diglyme but due to the volatile nature of 

DME, three different concentrations of sodium triflate were prepared with diglyme as 

solvent. Based on the results from galvanostatic measurements, a trend of higher capacity and 

discharge voltage plateaus could be seen with higher salt concentration. The influence of 

trace amounts of water was suggested as one explanation as it works as a catalyst promoting 

NaO2 cube growth. Another or contributing explanation could be a possible change in DN 

with increased salt concentration, resulting in higher solubility and longer lifetime of O2
−, 

promoting the growth of NaO2 cubes. Furthermore, sodium superoxide was confirmed as the 

main discharge product by the means of XRD in most of the batteries made, apart from side 

reactions observed in all of the cells assembled. The formation of sodium peroxide dihydrate 

was also confirmed in addition to sodium superoxide in the 1.0 M battery limited by capacity. 

The formation of Na2O2 ∙ 2H2O is believed to be caused by transformation from NaO2 into 

Na2O2 ∙ 2H2O during longer exposure to the cell environment in absence of an applied 

current. NaO2 seems to be unstable in the cell environment and the transformation is 

suggested to be a solution mediated reaction through dissolution and nucleation. 

The characteristic NaO2 cubes, widely reported in literature, were also observed in both the 

0.5 M and 1.0 M batteries discharged to maximum capacity but were not found in the 1.0 M 

battery limited by capacity. Tendencies of slightly larger cubes were found with the higher 

concentration of 1.0 M. Large variations in morphology across the cathode as well as 

between the two sides of the carbon cathode were also found. The different morphologies 

observed besides the cubic like NaO2 crystals were; sharp flakes, thin rectangular plates, 

spherical-like nuclei and microcrystalline thin films. No definite connection between these 

different morphologies and the identified discharge product could be made with the 

characterization techniques used in this project and requires further studying.  
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7 Future work 
In future studies more analytical techniques should be implemented to elucidate the chemistry 

and electrochemistry in Na-O2 batteries. Analytical techniques such as Raman spectroscopy 

or Fourier transform infrared spectroscopy (FTIR) could be used in combination with XRD to 

further support the identification of discharge products. X-ray photoelectron spectroscopy 

(XPS) would also be useful in detecting different side products. The implementation of these 

techniques in situ would also give a more accurate in-depth understanding of the reactions 

occurring in Na-O2 batteries. It will probably be a necessity to unravel the parameters 

controlling the formation, chemical composition and morphology of the different discharge 

product reported in Na-O2 batteries. 

An interesting approach for further studies would be to investigate new electrolytes. By 

implementing a hybrid electrolyte or solid electrolyte, problems related to side reactions and 

electrolyte instability could be avoided and volatility and flammability would not be an issue. 

A solid electrolyte could also prevent dendrite formation and degradation of the sodium 

anode due to reaction with the electrolyte. 

An optimization of the present cell configuration would also be useful in order to facilitate 

the manufacturing and assembling as well as increasing reproducibility of the cells. For 

example, the wires connected to the current collectors were prone to breakage during 

assembly which complicated the building procedure in this project. A possibility could be to 

build the batteries using modified coin cells instead of Swagelok cells to improve the 

reproducibility from cell to cell. 

It would also have been interesting to quantify the amount of discharge product between the 

different electrolyte concentrations used in this project and compare it to the obtained 

discharge capacity. Unfortunately, this was not carried out in this project and is left for future 

work.  
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10 Appendix 

10.1 SEM images 

10.1.1 0.5 M NaOTf – Maximum capacity. 

 

Figure 25. SEM image of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured at the edge of the carbon cathode 

on the oxygen side. 
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Figure 26. SEM image of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image were captured at the oxygen side of the 

cathode. 

 

Figure 27. SEM images of the discharge products of a Na-O2 cell with 0.5 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with only a 2.0 V as cut-off. The images were captured towards the middle of the 

carbon cathode on the separator side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX.  
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10.1.2 1.0 M NaOTf – Maximum capacity. 

 

Figure 28. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side. 
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Figure 29. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side. 

 

Figure 30. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side.  
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Figure 31. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side.  

 

Figure 32. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side and show thickness measurements of thin rectangular plates formed as discharge product. 
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Figure 33. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side. The images show the morphology of the discharge products at four different 

magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 

 

Figure 34. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the middle of the carbon 

cathode on the oxygen side and show measurements of the cube dimensions. 
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Figure 35. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte, discharged to 

maximum capacity at 0.1 mA with 2.0 V as cut-off voltage. The image was captured towards the edge of the carbon 

cathode on the oxygen side and show measurements of a cubic NaO2 crystal.  
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10.1.3 1.0 M NaOTf – Capacity limited. 

 

Figure 36. SEM image of the discharge product of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The image was captured towards the 

middle of the carbon cathode on the oxygen side and shows thickness measurements of the thin rectangular plates 

formed as discharge products. 

 

Figure 37. SEM image of the discharge product of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The image was captured towards the 

middle of the carbon cathode on the oxygen side and shows measurements of the thickness and the dimensions of the 

thin rectangular plates. 
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Figure 38. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The image was captured towards the 

middle of the carbon cathode on the separator side and shows the spherical-like morphology of the discharge 

product. 

 

Figure 39. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The image was captured towards the 

middle of the carbon cathode on the separator side and shows the dimensions of the spherical-like morphology of the 

discharge product. 



59 

 

 

 

Figure 40. SEM image of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The image was captured towards the 

middle of the carbon cathode on the separator side and shows the thickness of the flakes laying on top of the 

spherical-like nucleus. 

 

Figure 41. SEM images of the discharge products of a Na-O2 cell with 1.0 M NaOTf electrolyte. The battery was 

capacity limited and discharged to 2.0 mAh at 0.1 mA with 2.0 V as cut-off. The images were captured towards the 

edge of the carbon cathode on the separator side. The images show the morphology of the discharge products at four 

different magnifications. In a) 500 X. b) 5.00 kX. c) 10.00 kX and d) 25.00 kX. 
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