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Abstract 

Stabilization of Na-ion battery anode materials by 
aluminum oxide coatings   

Adrian Markari 

 

 

In this thesis work, hard-carbon anodes with a coating of Al2O3 in sodium-ion 
batteries have been investigated and compared with uncoated hard-carbon 
anodes. The Al2O3 coating on carbon particles was synthesized by a sol-gel 
method. The coating was characterized by SEM, XRD and XPS analysis. 
Electrochemical cells with hard-carbon anodes were assembled. The 
different electrolytes used were NaPF6 in EC:DEC (50:50), NaPF6 in EC:DEC:FEC 
(45:45:10) and NaPF6 in PC. The electrochemical behavior and the capacity of 
the cells were then characterized by cyclic voltammetry and galvanostatic  
cycling. Results from the galvanostatic cycling showed that the battery with 
the electrolyte NaPF6 in EC:DEC:FEC had a lower reversible capacity compared 
to the NaPF6 in EC:DEC electrolyte. Cyclic voltammetry results for the Al2O3 
coated battery with the NaPF6 in PC electrolyte indicated that the aluminum 
from the coating reacted with the electrolyte. NaPF6 in EC:DEC was thus 
considered to be the most suitable electrolyte for coated hard-carbon 
anodes. The discharge capacity for the coated electrode in the NaPF6 in 
EC:DEC electrolyte during the first 5 cycles is slightly higher than for the 
uncoated electrode, but the capacity fading is also higher.  
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Stabilisering av anodmaterialet hos Na-jon 
batterier med aluminiumoxidbela ggning 

Populärvetenskaplig sammanfattning 
Storskalig energilagring ställer krav på batterier som baseras på billiga material som det finns riklig 

tillgång på. I och med att natrium är både billigare och mera vanlig jämfört med litium finns det idag 

ett intresse av att övergå från litium-jonbatterier till natrium-jonbatterier.  

I detta projekt har anodmaterialet hos natrium-jonbatterier studerats. Kolbaserade (”hard-carbon”) 

anoder med en beläggning av aluminiumoxid (Al2O3) har jämförts med kolanoder utan beläggning. 

Tanken med Al2O3-beläggningen var att den skulle fungera som ett skyddande lager på elektrodytan 

och förhindra degradering av elektroden och elektrolyten, och därigenom förbättra 

batteriprestandan med avseende på kapacitet och livslängd. Hard-carbonpulver syntetiserades 

genom upphettning av kolbaserade polymerer. Två olika pulver förbereddes där 

värmebehandlingstemperaturen skiljde dem åt. Det ena provet värmdes till 1000 °C i inert atmosfär 

(Carbon1000), medan det andra provet värmdes till 2200 °C i N2 atmosfär (Carbon2200). Två olika 

metoder användes för att syntetisera Al2O3 på kolpartiklar. Metoden som baseras på sol-gel gav en 

bättre beläggning på kolet. SEM-bilder togs och XRD- samt XPS-analys genomfördes för att 

karakterisera Al2O3-beläggningen. Elektrokemiska celler med kolanoder tillverkades i en handskbox 

med låg syrehalt. De olika elektrolyter som användes var NaPF6 i EC:DEC (50:50), NaPF6 i EC:DEC:FEC 

(45:45:10) och NaPF6 i PC. Cellerna karakteriserades sedan med cyklisk voltammetri (CV) och 

galvanostatisk cykling för att erhålla information om elektrokemin hos de olika cellerna och hur 

kapaciteten och effekten förändras med antalet cykler.  

Resultatet från battericyklingen visade att Carbon1000-elektroderna har cirka 5 gånger högre 

kapacitet jämfört med Carbon2200-elektroderna. Detta kan förklaras av att grafen-lagrarna hos 

Carbon1000 är mera slumpvist orienterade än hos Carbon2200, vilket främjar upptagandet av Na-

joner. Cyklingsresultat från galvanostatisk cykling visade att batteriet med NaPF6 i EC:DEC:FEC 

elektrolyten har en betydligt lägre kapacitet jämfört med NaPF6 i EC:DEC elektrolyten. 

Urladdningskapaciteten minskade också drastiskt efter första cykeln. NaPF6 i EC:DEC utan additivet 

FEC är sålunda en bättre elektrolyt för kolanoderna. Urladdningskapaciteten för den Al2O3-belagda 

kolanoden med NaPF6 i EC:DEC som elektrolyt var något högre under de första cyklerna jämfört med 

den icke-belagda anoden. Denna kapacitet sjönk snabbt ner till ungefär samma nivå som den icke-

belagda anoden efter den 5e cykeln. För att förhindra att urladdningskapaciteten snabbt sjunker 

borde man försöka syntetisera aluminiumoxid på kolpartiklar med en optimal beläggningstjocklek. 

Cyklingsresultat från CV för det Al2O3-belaggda batteriet med NaPF6 i PC elektrolyt indikerade att 

aluminiumet från beläggningen reagerar med elektrolyten.  

 

 



 

ii 
 

List of abbreviations  
 

AcAc – Acetylacetone  

ALD – Atomic Layer Deposition  

CMC – Carboxymethyl Cellulose  

CV – Cyclic Voltammetry  

DEC – Diethyl Carbonate 

EC – Ethylene Carbonate  

FEC – Fluoroethylene Carbonate 

LIB – Lithium-Ion Battery 

NIB – Sodium-Ion Battery   

PC – Propylene Carbonate  

SEI – Solid Electrolyte Interphase 

SEM – Scanning Electron Microscopy 

TGA – Thermogravimetric Analysis  

XPS – X-ray Photoelectron Spectroscopy 
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1. Introduction  

1.1 Background  
Currently, non-renewable energy sources including coal, petroleum and natural gases constitute the 

primary sources of energy used on the planet. The consumption of fossil fuels, however, poses 

serious environmental concerns associated with CO2 emissions. The pressing need to replace them 

has motivated people to extract energy from renewable energy sources such as biofuels, wind 

power, solar power, ocean currents, geothermal energy and hydroelectric power. Efficient 

rechargeable batteries play an important role in storing extracted energy. The advantages of 

developing sodium-ion batteries will be described here.  

1.1.1 Sodium-ion versus lithium-ion batteries  

Large-scale energy storage will require the production of batteries based on cheap and sufficiently 

abundant materials. The lithium-ion battery (LIB) technology is quiet developed, but there remain 

questions regarding lithium battery cost and lithium resources. In the worst scenarios, it is even 

predicted that lithium reserves will run out in the near future [1].  

Due to the abundance of sodium (Na) resources (the 4th most abundant element in the Earth crust) 

and the much lower cost of sodium carbonate ($150/ton) compared to lithium carbonate 

($5000/ton), the use of sodium in large scale battery applications is desirable. Since the operating 

principles are similar to that of lithium ion batteries, the changeover to sodium-ion batteries (NIBs) 

should be possible [2].  

There are certain drawbacks associated with using sodium instead of lithium in rechargeable 

batteries. Sodium is less reducing than lithium. Its standard reduction potential is -2.71 V vs. SHE 

(Standard Hydrogen Electrode) compared to -3.04 V for lithium. The gravimetric capacity of sodium 

metal is lower (1165 mAh g-1 compared to 3829 mAh g-1 for lithium metal). Sodium is also 

approximately three times heavier than lithium. Thus, batteries based on sodium anodes have lower 

operating voltages and energy densities than anodes based on lithium. Potential safety risks related 

to its extreme reactivity and low melting temperature (98 °C) prevent the use of sodium as an 

electrode in batteries operating at high temperatures. Hence, there is a need to find negative 

electrode materials that can be safer and cheaper alternatives to metallic sodium [2][3].  

1.1.2 Graphite and hard-carbon as anodes  

Graphite is the most commonly used anode material in LIBs, but it cannot host sodium ions to any 

significance extent. The inability of sodium ions to intercalate into graphite has been associated to 

their relatively larger ionic radii [2]. In fact, recent reports have indicated that significant 

improvement in the amount of sodium stored can be achieved via solvent co-intercalation [4] and 

oxidative expansion of the interlayer spacing in graphite [5]. In essence, carbon materials containing 

randomly oriented and less crystallized stacks of graphene layers are considered as better candidates 

for sodium ion storage. They are variously known as non-graphitizable, hard or disordered carbons. 

Over the past few years, hard-carbons have been intensely researched for potential use as anode 

materials in NIBs. Reportedly, reversible capacities as high as 300 mAh g-1 can be obtained as a result 

of sodium ion insertion into hard-carbon anodes, as compared to a maximum of 150 mAh g-1 for 

graphite [4]. Hard carbons are synthesized at temperatures 700-1500 °C by pyrolyzing carbon-rich 

precursors like polymers and biomass [2][6]. They are characterized by randomly oriented and finite 



 

2 
 

stacks of graphene layers. Complete graphitization of most hard-carbons is not possible as it is a 

kinetically-hindered process even at pyrolysis temperatures as high as 3000 °C [6]. Increase in 

pyrolysis temperature leads to more structural order and lower surface areas. Hard carbons that are 

well-suited for sodium ion insertion should have as low specific surface areas as possible in order to 

minimize electrolyte decomposition during the first cycle. Thus it is crucial to optimize the synthesis 

strategy to obtain disordered carbons with sufficiently minimum surface areas.  

One challenge with anode materials for NIBs is to increase the coulombic efficiency of the 1st cycle. 

Recent studies have reported that a thin layer of Al2O3-coating on the carbon anode improves the 

coulombic efficiency by acting as a solid electrolyte interphase (SEI) [7].  

1.2 Aim of the thesis 
This thesis project focuses on the development of anode materials for Na-ion batteries. The cycling 

efficiency (the ratio between the charge capacity and the discharge capacity) of the first cycle of hard 

carbon anodes in Na-ion batteries ranges roughly from 50-80 % which is considerable low as far as 

commercial applications are concerned. Particularly, when such electrodes are used in a full cell, the 

sodium ions originating from the positive electrode are irreversibly lost in the SEI layer and the 

capacity of the cell fades as a result. In this project, the possibility of improving the first cycle 

efficiency by coating the carbon electrode with an Al2O3 layer via a sol-gel approach was investigated. 

In brief, the work presented in this thesis aims at: 

 Investigating the impact of oxide coatings, such as Al2O3, on the electrochemical 

performance of hard carbon anodes for Na-ion batteries. 

 Identifying suitable electrolytes for carbon anodes. 

 Looking into the role electrolyte additives like FEC can play in stabilizing the SEI layer on 

Al2O3-coated carbon. 

 

2. Theory  

2.1 Na-Ion Batteries 
Sodium ion batteries (NIBs) are secondary (rechargeable) batteries that use sodium ions as charge 

carriers.  Batteries are generally divided into primary and secondary forms. A primary battery 

transforms chemical energy to electrical energy irreversibly, meaning that energy cannot be restored 

to the battery once the reactants are exhausted, so it is discarded once used. A secondary battery on 

the other side can be recharged. By applying an electric current flowing in the opposite direction to 

the current flow when the battery was discharged, the battery can be restored to its original charged 

condition [8]. Common devices which use secondary batteries include laptop computers, mobile 

phones, motor drives, power tools and tractions [9].  
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Strictly speaking, a battery refers to an assembly of electrochemical cells. Each electrochemical cell 

consists of two electrodes, an anode and a cathode, and an electrolyte. The two electrodes are 

connected to an external circuit which allows for the conduction of electrons. Placed between the 

two electrodes is the electrolyte which is an ionic conductor and thus facilitates the transport of the 

ions from the positive electrode to negative electrode or vice versa. During discharge, electrons and 

ions are generated at the anode and consumed at the cathode. The redox reactions occurring at 

these electrodes generate electricity (usable energy) when the electrical circuit is closed, i.e., when 

the external circuit is connected to a load. During charging, electrical energy is supplied to reverse 

the chemical reactions and thus store energy in the electrochemical cell. Also, a porous electrically 

insulating separator (soaked in the electrolyte) is placed between the anode and the cathode 

avoiding electrical shorting in the event that the two electrodes come into contact with each other. 

Figure 2.1 shows a simple picture of the operating principle of a sodium-ion electrochemical cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.1: The operating principle of a battery showing the ionic flow within the electrolyte.  
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During discharging of a NIB, sodium which has been inserted into the carbon anode will oxidize 

producing Na+ ions which further move into the electrolyte and an equivalent amount of sodium ions 

will be inserted into the cathode. The electrons formed will contribute to the electron flow from the 

anode to the cathode. The reverse process occurs during charging. A typical example of a charged 

sodium ion cell is NaxCnǀelectrolyteǀNa1-xCoO2. The subscripts x (ranges from 0 to 1) and n designate 

the number of moles of sodium ions exchanged and the carbon atoms, respectively. The electrode 

reactions occurring during battery operation can be represented by formula 2.1:   

𝑁𝑎𝑥𝐶𝑛 ↔ 𝑛𝐶 + 𝑥𝑁𝑎+ + 𝑥𝑒−                                                                                                                     anode 

𝑁𝑎1−𝑥𝐶𝑜𝑂2 + 𝑥𝑁𝑎+ + 𝑥𝑒− ↔ 𝑁𝑎𝐶𝑜𝑂2                                                                                               cathode 

The overall cell reaction is written as 

𝑁𝑎1−𝑥𝐶𝑜𝑂2 + 𝑁𝑎𝑥𝐶𝑛 ↔ 𝑛𝐶 + 𝑁𝑎𝐶𝑜𝑂2                                                                                                     (2.1) 

2.1.1 Anode  

Finding a suitable anode material is one critical issue for the successful development of NIBs. Anodes 

based on carbon are the most studied due to their abundance, renewability and chemical and 

thermal stability. As mentioned in the introduction, graphite is the most common anode material for 

LIBs, but it has limited capacity to host sodium ions compared to graphite in LIBs. This is because the 

radius of Na-ions is about 0.3 Å larger than radius of Li-ions. Hard carbon on the other hand, has 

larger interlayer distance than graphite (0.39 nm compared to 0.334 nm) and can thus host Na-ions 

to a higher extent [10]. Hard carbons are composed of disordered and finite stacks of graphene 

layers and nanopores. The Na-ions can either be inserted into the spaces between the parallel 

graphene layers or into the nanopores [10]. Unlike graphite, the structure of hard carbon is highly 

irregular and disordered, consisting of carbon atom layers that are randomly connected [11]. They 

are synthesized by the pyrolysis of polymers such as epoxy resins, pitch resins and phenolic resins or 

biomass including fruit peels and rice husks at high temperatures (>700 °C) in an inert atmosphere. 

At a low current density, hard carbon exhibits a reversible capacity of 200-300 mAh g-1, which is 

about twice as high as the reversible capacity obtained from the insertion of sodium ions in a 

graphite anode [10]. Another advantage of hard carbon over graphite is the longer cycle life due to 

the highly cross-linked structure of hard carbon.     

There are indeed a lot of alternatives to hard carbon as anode material for NIBs. Metal oxides such as 

NiCo2O4, Fe2O3 and CuO have been studied. NiCo2O4 has been reported to deliver a reversible 

capacity of about 200 mAh g-1. Fe2O3 is an attractive alternative due to its low cost. Nanocrystals of 

Fe2O3 can be embedded onto graphene nanosheets and an initial capacity of 535 mAh g-1 for that 

anode has been reached. CuO nanowires as an anode have shown a capacity of 303 mAh g-1. Metal 

sulfides such as MoS2 and WS2 have also been studied as anodes for NIBs. MoS2/graphene 

composites exhibit a capacity of 230 mAh g-1 after 20 cycles at 250 mA g-1. WS2, which is used as an 

anode for NIBs has shown an initial capacity of 594 mAh g-1, but only 329 mAh g-1 after 500 cycles at 

20 mA g-1. Organic anodes have also been proposed as attractive choices of electrodes due to the 

abundant biomass resources that can be used as precursors for their synthesis. Sodium 4,4’stilbene-

dicarboxylate (Na2C16H10O4) is a typical example which has been investigated and shown a reversible 

capacity of 220 mAh g-1 at 50 mA g-1 [10].   
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2.1.2 Cathode  

For NIBs, cathode materials based on metal sulfides, metal fluorides, phosphate and sulfates have 

been investigated. TiS2, FeF3, NaFePO4 and NaFeSO4F are some examples [2]. Since this project 

focuses on the anode material, no deeper discussion of cathode materials will be performed here.  

2.1.3 Electrolyte  

The electrolyte used in the cell plays an important role in how a battery performs. There are 

operational criteria that need to be met for NIB electrolytes:   

 Chemical stability – in the ideal case, there should be no chemical reactions involving the 

electrolyte during cell operation.  

 Ionically conductive – to be able to transport Na-ions. 

 Electronically insulating – to minimize self-discharge of the battery.  

In addition to these, there are also practical requirements for the NIB electrolyte that need to be 

met:   

 It must have no toxic effect.  

 It must be based on abundant elements and have as low environmental impact as possible.  

 It must have as low materials- and production cost as possible.  

The sodium salts that best meet these criteria and are thus most commonly used in NIB electrolytes 

are NaClO4, NaBF4, NaPF6, NaTf, NaTFSI and NaFSI. NaPF6 is the second most popular salt, after 

NaClO4 which is most commonly used because of its low price. NaPF6 has on the other hand several 

advantages over the other salts. It has, for instance, lower water content than NaClO4 (<10 ppm 

compared to >40 ppm). In solution, NaPF6 also shows a higher maximum ionic conductivity than the 

other salts and a high ionic conductivity is a necessary property to enable the intercalation of Na-ions 

at the electrode [12].   

In this project, mixtures of the organic liquid solvents ethylene carbonate: diethyl carbonate 

(EC:DEC), and propylene carbonate (PC) were used. The EC:DEC mixture used in NIBs has shown a 

lower capacity fading for hard-carbon electrodes as compared to electrolytes based on EC: ethyl 

methyl carbonate (EMC) and EC: dimethyl carbonate (DMC) [13]. Also, the addition of fluoroethylene 

carbonate (FEC) has been observed to form a SEI layer on carbon anodes in NIBs and thus prevent 

side reactions between the solvents and the electrode [2].    

2.2 The Solid Electrolyte Interphase 
The electrochemical potential of most anode materials such sodium, lithium graphite etc. is beyond 

the electrochemical stability of common liquid electrolytes based on organic carbonates. Therefore, 

electrolytes decompose on the surface of anode materials at low potentials, which can result in 

formation of a protective layer called the solid electrolyte interphase (SEI). The formation of the SEI 

layer is a result of thermodynamic decomposition of the electrolyte, and it forms on all alkali metal-

ion batteries which use liquid electrolytes. Ideally, the layer imparts kinetic stability and prevents 

further electrolyte and electrode degradation by acting as an electronic insulator and blocking the 

transport of electrons through it, while letting Na-ions pass through it during battery cycling. The 

formation of SEI in NIBs can thus improve the lifetime of the battery, which is usually limited due to 

the degradation of the electrode and electrolyte during cycling [14]. The thickness of SEI can vary 
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from a few Å to hundreds of Å [15]. Figure 2.2 shows a schematic drawing of the formation of a SEI 

layer in a NIB.    

     

 

 

 

 

 

 

 

 

 

The SEI in NIBs consists of both organic and inorganic compounds. Organic compounds include 

sodium alkyl carbonates, sodium alkoxides, etc. Inorganic compounds include alkali carbonates, 

oxides and different salts originating from salt reductions [14].  

The composition and thickness of the SEI layer changes during cycling. The layer is believed to be 

thinner at high potentials and thicker at lower potentials. The SEI also changes at elevated 

temperatures. Transformation of SEI takes place and components like sodium alkyl carbonates might 

transform to other components like Na2CO3. At elevated temperatures, reaction of the SEI with the 

electrolyte might also occur [15].  

Both the composition and thickness of the SEI essentially affect the battery performance. The 

Young’s modulus of the SEI in NIBs has been found to vary greatly depending on the SEI composition 

at the measurement point [14]. The SEI components are sensitive to the temperature, so the battery 

performance at low/high temperatures is dependent on the SEI. Other parameters such as the 

compactness and morphology of the SEI also affect the battery performance [15].  

SEI formation occurs at the expense of electrolyte decomposition, so the goal in this thesis work was 

to form an “ex-situ” SEI by coating the surface of hard carbon by Al2O3. A coating of Al2O3 on the 

carbon anode can act as a SEI to reduce the re-formation of SEI and thus the ion consumption during 

cycling. Research on Al2O3 coating layers as a SEI for LIBs has shown reduced regeneration of SEI and 

reduced Li-ion consumption during cycling [7].  

2.3 Synthesis of Al2O3  

2.3.1 Aluminum nitrate solution method 

One way to synthesize Al2O3 is to use aluminum nitrate nonahydrate (Al(NO3)3·9H2O ) as a precursor 

and dissolve it in ethanol, to yield a solution of Al3+ ions [16]. The aluminum nitrate will dissociate to 

aluminum ions and nitrate ions according to formula 2.2:  

Figure 2.2: Solid electrolyte interphase (SEI) formed on carbon anode in a Na-ion battery.  
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𝐴𝑙(𝑁𝑂3)3 (𝑠) → 𝐴𝑙3+(𝑎𝑞) + 3𝑁𝑂3
− (𝑎𝑞)                                                                                                   (2.2) 

Upon heating, the aluminum ions will then react with oxygen and form aluminum oxide. The 

synthesis of Al2O3 can be represented by the overall aluminum nitrate decomposition reaction 

(formula 2.3) [17]:  

2𝐴𝑙(𝑁𝑂3)3 · 9𝐻2𝑂 →  𝐴𝑙2𝑂3 + 18𝐻2𝑂 + 3𝑁2 + (
15

2
) 𝑂2                                                                      (2.3)                    

2.3.2 Sol-gel method 

The sol-gel method is an alternative way to synthesize Al2O3. A clear solution can be obtained by 

dissolving aluminum chloride hexahydrate (AlCl3·6H2O) into ethanol, and then adding acetylacetone 

(AcAc) to the solution. AcAc has a strong chelating ability with aluminum and thus a chelating 

complex between Al and AcAc will be formed as AcAc is added to the solution. The chemical formula 

for AcAc is C5H8O2. The following reaction (formula 2.4) will take place [18]:  

 

 

+ 𝐻𝑂𝑅                                                                         (2.4)            𝐴𝑙(𝑂𝑅)3 + 𝐴𝑐𝐴𝑐 → 

 

 

R is either H or C2H5. The sol is very stable when kept in atmosphere for a very long time. Upon 

heating at temperatures above 150 °C, organic groups in the sol begin to decompose. Aluminum 

from the sol will then react with oxygen to form Al2O3 films.                                        

The amount of aluminum hydroxide (Al(OH)3) formed in the solution can be affected by the amount 

of urea (CO(NH2)2) added to the solution. Urea reacts with water and produces ammonia and carbon 

dioxide gases (formula 2.5):  

𝑁𝐻2𝐶𝑂𝑁𝐻2 + 𝐻2𝑂 + ℎ𝑒𝑎𝑡 → 2𝑁𝐻3(𝑔) + 𝐶𝑂2(𝑔)                                                                                 (2.5) 

In a basic medium the Al3+ ions in the solution will react with hydroxide ions (OH-) to produce Al(OH)3 

(formula 2.6):  

𝐴𝑙3+ + 3𝑂𝐻− → 𝐴𝑙(𝑂𝐻)3                                                                                                                              (2.6)  

The aluminum hydroxide formed is then involved in the formation of the chelating complex.  

2.4 Choice of the Al2O3 synthesis method  

2.4.1 Sol-gel method 

Several articles suggest that the sol-gel method is a promising method for preparing thin films of 

aluminum oxide. There are several sol-gel methods available to use. Here aluminum chloride was 

used as a precursor to prepare aluminum oxide films. The advantages of using the inorganic salt AlCl3 

are that it is inexpensive and less harmful to people’s health as compared to aluminum alkoxides 

which are often used to prepare alumina films by the sol-gel method [18]. Aluminum alkoxides such 
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as aluminum isopropoxide and aluminum sec-butoxide have been used and these precursors have 

also shown to be expensive for the fabrication and harmful to the health [18].  

2.4.2 Alternative synthesis method 

Aluminum oxide films can also be deposited on carbon by atomic layer deposition (ALD). It has been 

shown that ALD is a promising technique for deposition of thin films of Al2O3 on graphene substrates 

[19]. However, ALD is a quite expensive technique to use and was thus excluded as an alternative to 

synthesis Al2O3 on hard carbon particles.  

 

3. Characterization methods 

3.1 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) can be used to determine the surface morphology of a sample. 

The SEM instrument consists of an electron gun, condenser and objective lenses and a series of 

apertures, as shown in Figure 3.1 [20]. The electron gun generates an electron beam which strikes 

the specimen with a high energy. As electrons hit the specimen, the electrons are scattered by the 

specimen’s atoms. There are two types of electron scattering, elastic scattering which produces 

backscattered electrons (BSEs) and inelastic scattering which produces secondary electrons (SEs). 

Secondary electrons are electrons ejected from the specimen’s atoms while backscattered electrons 

are the incident electrons scattered back by the specimen’s atoms. BSEs and SEs are then used as 

signal sources to form SEM images. The detector collects the electron signals and generates an image 

on the display screen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: The instrument of a scanning electron microscope (SEM).   
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In this project, SEM pictures were taken to see if there was any coating of Al2O3 on the hard carbon 

particles or not.     

3.2 X-ray Diffraction   
X-ray diffraction (XRD) is a diffraction technique used to examine the crystal structure of samples 

using X-rays. An X-ray source generates an X-ray beam of a single wavelength that strikes the sample. 

Before it strikes the sample, it passes through soller slits and a divergence slit which collimate the X-

ray beam.  X-rays are diffracted by the sample and a convergent beam that enters the X-ray detector 

is formed. Before the convergent beam enters the detector, it passes through a monochromatic 

filter. The most common radiation source used in diffractometers is the copper Kα because of its 

short wavelength (0.15418 nm) [20]. The XRD instrument is demonstrated in figure 3.2.   

 

 

 

 

 

 

 

 

 

 

The diffraction intensity as a function of 2θ is recorded when the X-ray source and the detector 

rotate. X-ray diffraction pattern results from the X-ray which strikes the crystalline sample with a 

regular arrangement of atoms. The incident rays interact with the sample and constructive 

interference is produced when Bragg’s law is satisfied:  

𝑛𝜆 = 2𝑑 sin 𝜃                                                                                                                                                    (3.1) 

Here n is a positive integer, λ is the wavelength of the beam, d is the distance between diffracting 

planes and θ is the incident angle.  

XRD was used in this project to find out if the coating on hard carbon particles observed in the SEM 

pictures was Al2O3 or something else.   

3.3 X-ray Photoelectron Spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a surface sensitive and quantitative technique used to 

obtain information about the chemical elements in a materials surface. An electron in a given energy 

level of an atom can be emitted when the atom absorbs an X-ray photon with sufficient energy. This 

Figure 3.2: X-ray diffractometer (XRD) instrument with the X-ray source, 
sample and X-ray detector.  
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electron is called an X-ray photoelectron [20]. Figure 3.3 illustrates the emission of a photoelectron 

from the K shell of an atom when it is excited by an incoming X-ray photon.    

 

 

 

 

 

 

 

 

 

 

 

If its kinetic energy is known (EK), the binding energy of a given photoelectron (EB) ejected from an 

atom can be calculated based on the following relationship:  

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − 𝛷                                                                                                                                           (3.2) 

where h is Planck’s constant, v is the frequency and Φ is the workfunction, which is a parameter 

representing the energy required for an electron to escape from the surface of the material in 

question. The binding energies (EB) of atomic electrons are used to identify elements, since they have 

characteristic values. An XPS spectrum is typically a plot of intensity versus binding energy. From the 

binding energy spectra of X-ray photoelectrons, XPS can help identify the chemical elements of the 

examined sample.  

In this project, XPS analysis was performed to make sure that the coating layer observed in the SEM 

pictures contained aluminum.   

3.4 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a thermal analysis method which measures the mass change of a 

sample with temperature. The sample to be analyzed is placed in a furnace and the mass change is 

measured as a function of either temperature (with constant heating rate) or time (with constant 

temperature). In this project, TGA was used to analyze the material decomposition of coated hard 

carbon particles.  

The thermogravimetric instrument contains a furnace, microbalance, recorder and temperature 

programmer [20], as illustrated in figure 3.4. The furnace has a cylindrical shape with heating 

elements on the side of the cylinder. The sample is placed in the center of the furnace and is 

Figure 3.3: Principle of the emission process in XPS where an electron is 
knocked out from the atom’s K shell.  
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connected to the microbalance by a thin suspension wire. The microbalance measures the mass 

change of the sample during heating/cooling and is able to measure mass change of ±1 µg.   

 

  

 

 

 

 

 

 

 

3.5 Electroanalytical techniques 

3.5.1 Cyclic voltammetry  

Cyclic voltammetry (CV) is an electrochemical technique where potential of the working electrode 

versus a reference is scanned linearly at a fixed sweep rate. The voltage is scanned between two 

values, say V1 and V2, and when the voltage reaches V2 at a time t1, the direction of the scan is 

reversed and the potential goes back to the initial value V1 (see figure 3.5). That cycle could then be 

repeated as many times as desired.      

 

 

 

 

 

 

 

 

 
During a CV experiment, the current flowing between the working electrode and the counter 

electrode is plotted as a function of the applied potential. The changes that appear between the 

cycles are used to obtain information about the reaction mechanisms in the battery [21].  

Figure 3.4: Structure of the TGA instrument.  

Figure 3.5: Schematic representation of a CV waveform.  
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3.5.2 Galvanostatic cycling  

In galvanostatic battery cycling, a constant chosen current is forced through the battery (unlike the 

CV technique). A voltage interval (set by upper and lower voltage cut-offs) is chosen and the current 

will be forced through the battery to derive electrochemical reactions until the lower/upper limit of 

the electrochemical voltage window is reached. This cycle procedure can then be repeated until the 

desired number of cycles is reached. A plot of voltage as a function of time (chronopotentiogram) is 

obtained and that plot can be used to study the electrochemistry of the battery. A typical 

chronopotentiogram is shown in figure 3.6.  

 

    

 

 

 

 

 

 

 

 

4. Experimental 

4.1 Synthesis of Al2O3  
Hard carbon powder was synthesized by pyrolysis of resorcinol-formaldehyde polymer powder 

synthesized via acid-catalyzed polycondensation of resorcinol with formaldehyde. Two sets of 

samples were prepared. In the first instance, the polymer was heated to 1000 °C (Carbon1000) in 

inert atmosphere in a tube furnace (Heraeus®). The other sample was initially heated to 600 °C under 

argon atmosphere and then heated to 2200 °C under N2 atmosphere (Carbon2200) in a graphite 

furnace (Thermal Instruments). The synthesis of Al2O3 on hard carbon particles was performed by 

two different methods. One where aluminum nitrate was used a precursor and one where aluminum 

chloride and acetylacetone were mixed in ethanol solution to form a chelating complex.  

4.1.1 Aluminum nitrate solution method  

A mixture of 25 mL Al(NO3)3·9H2O (Sigma-Aldrich, ACS reagent, ≥ 98%) ethanol solution (0.25 mol/L) 

and 0.25 g hard carbon powder was stirred for 2 h with a magnetic stirrer. The carbon powder which 

was treated at 1000 °C was used. The solution was dried in an oven at 80 °C for one day. The dried 

product was then placed in a tube furnace at 250 °C for 2 h in air atmosphere.  

Figure 3.6: Typical chronopotentiogram with voltage versus time. V2 and V1 indicate the upper and lower 
voltage limits, respectively.  
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That sample was characterized with XRD and SEM. SEM pictures were taken to see if the hard carbon 

particles had some coating of aluminum oxide, and if so, obtain information about the surface 

morphology of the coating.  

4.1.2 Sol-gel method  

0.5 M solution of AlCl3·6H2O (Sigma-Aldrich, ReagentPlus®, 99%) was prepared by dissolving the salt 

in 200 mL ethanol. Then 10 mL of acetylacetone (AcAc) was added to the solution. Also 20 mL water 

was added to promote the solubility of AlCl3·6H2O in ethanol. The mixture was stirred several hours 

with a magnetic stirrer and the solution became pale clear sol.  

250 mg hard carbon powder (treated at 1000 °C) was added to 25 mL of that solution. The solution 

was stirred with a magnetic stirrer for several hours on a heating plate (100 °C) and then filtered with 

a 0.22 μm GSWP filter. The product was dried in an oven at 100 °C for one day. That procedure was 

repeated, but 0.85 g urea (Sigma-Aldrich, ACS reagent, 99.0-100.5%) was dissolved in the 25 mL 

solution before 250 mg hard carbon powder was added.  

Both the sample with and without urea was placed in a tube furnace and heated in air for 2 h at 250 

°C. The sample without urea was also treated at 600 °C for 2 h in the tube furnace in argon 

atmosphere.  

SEM and XRD were used to characterize all these three samples. SEM pictures were taken to analyze 

the coating of Al2O3 on the hard carbon particles. XRD measurements were performed on the three 

samples to make sure that the surface contained Al2O3. A Bragg-Brentano D5000 diffractometer with 

copper Kα1 radiation source (45 kV, 40 mA) with a step size of 0.05 ° and a step time of 3 s was used 

for XRD analyses. Also XPS measurements were performed on the samples to confirm that the 

surface layer contained aluminum.  

Furthermore, the hard carbon powder treated at 2200 °C was used to prepare a sample. 386 mg of 

powder was added to 25 mL of 0.5 M solution of AlCl3·6H2O in AcAc and ethanol. Before the powder 

was added, 0.85 g urea was dissolved in the solution. That solution was stirred, filtered and dried in 

the same way as with the hard carbon powder treated at 1000 °C (described above). The sample was 

placed in an alumina crucible and heated at 350 °C for 2 h in air in a tube furnace. It was then treated 

at 600 °C in argon atmosphere for 2 h in order to crystallize the aluminum oxide. XRD analysis was 

performed on that sample.   

4.1.3 TGA analysis    

A TGA Q500 instrument was used to study the weight loss of the coated hard carbon as a function of 

temperature and the decomposition curve of the sample was used to estimate the amount of the 

oxide coating. The sample was placed in an alumina sample pan and heated from 30 °C to 350 °C in 

air atmosphere. The temperature was kept at 350 °C for 2 h and then the sample was cooled down to 

30 °C. Then, the sample was heated from 30 °C to 600 °C in N2 atmosphere, kept at that temperature 

for 2 h and then cooled down to 30 °C. The heating/cooling rate was always 5 °C min-1 in both 

experiments.       
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4.2 Electrochemical cell assembling   

4.2.1 Electrode fabrication   

The sample treated at 600 °C in argon atmosphere with AlCl3·6H2O and AcAc as precursors was used 

as active material to make batteries. 33.8 mg of the powder (Carbon1000) and 6.0 mg of 

carboxymethyl cellulose binder (CMC) (Sigma-Aldrich) were mixed (85% active material and 15% 

binder) in a vial (vial 1). 1 mL ethanol and 4 mL water were mixed in another vial.  800 µL of the 

solution was added to vial 1 during stirring with a magnetic stirrer in order to obtain slurry of the 

mixture. 800 µL was added stepwise with 200 µL at a time until the desired consistence was obtained 

and the mixture was stirred until it became completely homogenous. The slurry mixture was poured 

over a Cu-plate and a doctor blade adjusted at 100 µm was used to spread out the mixture uniformly 

over the Cu-surface. The copper with the coating was placed in an oven at approximately 100 °C for 

30 min. Then circular electrodes with 10 mm diameter were punched out and dried in a vacuum oven 

at 120 °C for 2 days in an Ar-filled battery glovebox. The mass of the active materials (Carbon1000) in 

the electrodes was used to calculate the gravimetric capacities of the half-cells assembled. Uncoated 

Carbon1000 anodes were also prepared. 315 mg of Carbon1000, 55 mg CMC and 4 mL ethanol-water 

solution (volume ratio 1:4) were used to prepare the uncoated electrodes by the same experimental 

procedure as with the coated Carbon1000. 

Coated Carbon2200 electrodes were prepared in the same way as for the Carbon1000 anodes. The 

electrode formation consisted of 89.8 mg of coated carbon2200, 15.8 mg CMC and 2 mL ethanol-

water solution (volume ratio 1:4). Uncoated Carbon2200 anodes were also prepared from a slurry 

obtained by ball milling the active material (85%) and the binder (15%) in a mixture of water and 

ethanol. To prepare the slurry, 300 mg of the uncoated Carbon2200 and 19.1 g CMC were placed in a 

ball milling holder. 5 mL of water was added dropwise to the mixture in order to obtain slurry with 

the desired viscosity. The mixture was placed in a jar and ball-milled for 2 h and 40 min. The slurry 

was then poured over Cu-foil and spread uniformly to obtain thin-film electrodes. The electrodes 

were then cut out of the foil in the same way as for the coated Carbon1000 described above.  

4.2.2 Sodium metal disk preparation 

Disks of sodium metal were fabricated in a glove box under argon atmosphere. The box pressure was 

kept under 2 mbar, the concentrations of water and oxygen gas were less than 1 ppm and 5 ppm, 

respectively. A sodium cube (Aldrich), approx. 1 cm3, was placed on a cupper plate and covered with 

a thin plastic film. The function of the plastic film was to protect the Na electrode from being 

contaminated. The Na cube was then hammered until it became flat with a uniform thickness. 14 

mm disks were then punched out and the plastic film was removed from the electrode.   

4.2.3 Assembling half-cells 

Battery pouch cells were prepared using copper as current collectors. All batteries were made in an 

argon atmosphere battery glove box. The anode material was placed on one of the Cu current 

collector. A Solupor® separator, approx. 3x3 cm, was placed on top of the anode and 100 µL 

electrolyte was added to the separator dropwise. The electrolytes were 1M NaPF6 in ethylene 

carbonate and diethyl carbonate (EC:DEC with 1:1 vol%) (alfa 99%) and 1M NaPF6 in propylene 

carbonate (PC) (alfa 99%). Also, an electrolyte containing 10% fluoroethylene carbonate (FEC) as an 

additive to the 1M NaPF6 in EC:DEC was used. A Na electrode with a diameter of 14 mm was placed 
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on the electrolyte and the other Cu current collector was attached to the Na electrode. The battery 

was then vacuum sealed. Figure 4.1 shows a battery manufactured in the glove box.   

 

 

 

 

 

 

 

 

 

 

 

4.3 Battery cycling  

4.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) analysis was performed on the batteries at a scanning rate of 0.05 mV/s. All 

batteries were cycled between 0.001 V and 2.5 V vs. Na, and voltammograms in which the current is 

recorded as a function of potential were obtained. CV analysis was performed on (1) coated and 

uncoated Carbon2200 anodes with 1M NaPF6 in EC:DEC as electrolyte, (2) coated Carbon1000 

anodes with 1M NaPF6 in EC:DEC and 1M NaPF6 in EC:DEC:FEC (45:45:10) as electrolytes and (3) 

coated and uncoated Carbon1000 anodes with 1M NaPF6 in PC as electrolyte.   

4.3.2 Galvanostatic cycling  

Galvanostatic cycling was also performed on the batteries. It was performed on the coated and 

uncoated Carbon2200 and Carbon1000 anodes with 1M NaPF6 in EC:DEC as electrolyte. It was also 

performed on the coated Carbon1000 battery with 1M NaPF6 in EC:DEC:FEC as electrolyte. All 

batteries were cycled in the voltage interval 0 – 2.5 V and plots of potential versus time 

(chronopotentiograms) could be obtained from the cycling.   

 

 

 

Figure 4.1: A photo of the pouch cell showing the copper current collectors, 
the vacuum sealing and the electrodes.   
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5. Results and Discussion  
Results from the Al2O3-synthesis with the aluminum nitrate solution- and sol-gel method are 

presented here. Battery cycling results for the coated/uncoated Carbon1000 and Carbon2200 are 

also presented.  

5.1 Al2O3 synthesis 

5.1.1 Aluminum nitrate solution method  

The SEM pictures taken on the Carbon1000 sample treated at 250 °C with aluminum nitrate as a 

precursor showed that the hard carbon particles had a too thick layer of aluminum oxide. Figure 5.1 

shows the SEM pictures taken on the sample at different magnifications.  

The aluminum oxide, which acts as a SEI layer, is electrically insulating and thus has to be as thin as 

possible. If it is too thick, it might hinder charge (electrons and Na+ ions) transfer across the carbon 

particles and result in overpotential and capacity loss in the battery. Using a lower amount of 

aluminum nitrate (Al(NO3)3·9H2O) might be one obvious way to obtain a thinner layer of aluminum 

oxide, since less Al3+-ions will be available there to react with oxygene and form Al2O3.    

 

Figure 5.1: Scanning electron microscopy (SEM) pictures on the Carbon1000 sample which was treated at 250 °C for 2 
h. The magnifications of the pictures are 3.49 K X in (a), 8.00 K X in (b), 24.34 K X in (c) and 106.52 K X in (d).  
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The X-ray diffraction (XRD) analyses of the same sample shows two wide diffraction peaks at around 

2θ = 24.0° and 42.5° (figure 5.2) corresponding to the lattice planes (002) and (100) of graphite, 

respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The interlayer distance of hard carbon can be calculated to 3.70 Å (corresponding to 2θ = 24.0°). That 

is a bit larger than the interlayer spacing of pure graphite carbon (about 3.40 Å), which favors the 

insertion and extraction of sodium into the anode material. This maintains the structural durability of 

the electrode during battery cycling [22].  

The aluminum oxide at the sample surface is amorphous, since the sample has only been heated to 

250 °C. This must be the reason that no Al2O3 peaks can be found in the diffraction pattern in figure 

2. At heating temperatures below 600 °C, Al2O3 has got an amorphous state.  At 600 °C, crystalline γ-

Al2O3 starts to form [18].  

 

 

 

 

 

 

Figure 5.2: X-ray powder diffraction pattern of the sample showing two wide peaks corresponding to 
the (002) and (100) planes of graphite.  
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5.1.2 Sol-gel method 

SEM pictures were taken on the samples where aluminum chloride and acetylacetone (AcAc) were 

used as precursors to form a chelating complex. Figure5.3a,b shows the sample without urea treated 

at 250 °C with different magnifications. In the magnified picture (figure 5.3b) one can observe small 

particles of Al2O3 on the surface of the carbon particles. In figure 5.3c,d, which shows the sample 

with urea treated at 250 °C, one can also observe a small amount of Al2O3 in the magnified picture 

(figure 5.3d). The sample without urea treated at 600 °C (figure 5.3e,f) shows a larger amount of 

Al2O3 (figure 5.3f). As shown in that picture, the aluminum oxide coating is nonuniform over the 

surface area.  

For these three samples, hard carbon powder synthesized at 1000 °C (Carbon1000) was used.     

 

The larger amount of Al2O3 observed on the sample treated at 600 °C compared to the amount on 

the samples treated at 250 °C can be explained by the penetration of amorphous Al2O3 into the 

carbon particles. At 250 °C, aluminum oxide is in an amorphous state and is embedded in the rough 

surface of the carbon particles (in figure 5.3b,d). At 600 °C, crystallized Al2O3 starts to form and the 

crystals migrate to the surface of the carbon particles (white dots in figure 5.3f). The reason for this is 

that aluminum oxide particles get bigger as it transforms from amorphous to crystalline phase, and 

becomes too big to fit into the pores of the carbon particles.     

 

 

 

Figure 5.3: SEM pictures on the Carbon1000 sample without urea treated at 250 °C (a-b), with urea treated at 250 °C (c-d) 
and without urea treated at 600 °C (e-f). The sample treated at 600 °C shows a larger amount of aluminum oxide 
particles compared to the samples treated at 250 °C.   
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XRD analyses with these three samples shows two wide peaks (as in figure 5.2) at approximately the 

same diffraction angles. Those two peaks correspond to the lattice planes (002) and (100) of 

graphite. No aluminum oxide peak can be found in any of the three samples. The diffraction pattern 

of the sample without urea treated at 250 °C is shown in figure 5.4a, with urea treated at 250 °C 

(figure 5.4b) and without urea treated at 600 °C (figure 5.4c).  

It is not surprising that no Al2O3 peaks could be found in figure 5.4a,b, since aluminum oxide needs to 

be heated to a much higher temperature than 250 °C to change from amorphous phase to 

crystalline. As crystalline γ-Al2O3 starts to form at 600 °C, you are expected to see Al2O3 peaks in 

figure 5.4c. One explanation that you cannot see any such peaks might be because of the low 

amount of Al2O3 formed comparing to the large amount of hard carbon particles you have, so peak 

overlay can occur. The XRD instrument has also a detection limit for mixed materials, which is at 

about 2% of sample [23].  

 

 

 

 

 

Figure 5.4: X-ray powder diffraction pattern of the sample without urea treated at 250 °C (a), with urea treated at 250 °C 
(b) and without urea treated at 600 °C (c).  
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As expected, all samples showed oxygen and carbon peaks due to the presence of oxides and hard 

carbon in the sample, respectively. O 1s and C 1s peaks correspond to a binding energy of 531 eV and 

287 eV, respectively (figure 5.5). Clear peaks of Al 2s and Al 2p can be seen for the sample without 

urea treated at 250 °C and 600 °C (figure 5.5a,c), corresponding to the binding energies 119 eV and 

74 eV, respectively. For the sample with urea treated at 250 °C, only a small peak of Al 2s can be 

observed (figure 5.5b). Also a small peak of Cl 2p3 at 199 eV could be observed for the sample 

without urea treated at 250 °C, but not for the sample with urea treated at the same temperature.   

As previously mentioned, the sample in figure 5.5b does not contain aluminum to any significant 

extent comparing to the sample in figure 5.5a. The reason for that might be due to the poor 

dissolution of AlCl3 in the solution where urea was added. As seen in figure 5.5a, the sample without 

urea contains chloride (Cl 2p3 at 199 eV) which is obtained from the AlCl3 decomposition, while the 

sample with urea contains no chloride. The less amount of oxygen in the sample with urea treated at 

Figure 5.5: XPS spectrum showing intensity versus binding energy for the sample without urea treated at 250 °C (a), the 
sample with urea treated at 250 °C (b) and the sample without urea treated at 600 °C (c).  
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250 °C comparing to the two other samples might be due to the less amount of Al2O3 that is 

obtained. Since the dissolution of AlCl3 is quite poor, there will be lack of Al3+ ions that can react with 

oxygen to form Al2O3. The C 1s peaks in figure 5.5a-c are very similar, which was expected because 

the same amount of hard carbon was added to all solutions.   

X-ray analysis with the sample with urea treated at 600 °C where hard carbon powder synthesized at 

2200 °C (Carbon2200) was used shows diffraction peaks corresponding to the lattice planes (002), 

(100) and (004) of graphite, as seen in figure 5.6. In addition to the XRD patterns for Carbon1000, the 

Carbon2200 sample has got a low intensity peak at 2θ = 54 °.  

The interlayer spacing of d002 can be calculated to be 3.42 Å from 2θ = 26 °. That value is very close to 

the value of pure graphite carbon. The intensity of the peaks for the Carbon2200 sample is much 

higher than for the Carbon1000 samples. The increase of intensity with increasing pyrolysis 

temperature implies that the extent of graphitization is greater for carbons pyrolysed at higher 

temperature [24].      

 

 

 

 

 

 

Figure 5.6: X-ray powder diffraction pattern of the sample with urea treated at 600 °C where hard carbon powder 
synthesized at 2200 °C was used.  



 

22 
 

5.1.3 TGA 

TGA result from the first heating (to 350 °C) shows a weight loss of the sample starting at about 100 

°C, as seen in figure 5.7 (solid curve). This is due to evaporation of ethanol and water. Another weight 

loss starting at 150 °C can be explained by the decomposition of organic groups in the gel. The results 

from the second step where the sample was heated to 600 °C after cooling shows a weight loss after 

400 °C (dashed curve in figure 5.7). This is due to the crystallization process of alumina, since alumina 

starts to crystallize at temperatures above 400 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 5.7: Thermogravimetric analysis (TGA) of coated Carbon2200 heated to 350 °C as a first step and then 
after cooling heated to 600 °C.  
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5.2 Battery cycling results 

5.2.1 Cyclic voltammetry  

Cyclic voltammograms (CV) for the coated and uncoated Carbon2200 using 1M NaPF6 in EC:DEC as 

the electrolyte are shown in figure 5.8. CV (0.05 mV/s) for the uncoated carbon (figure 5.8a) and the 

coated one (figure 5.8b) looks very similar to each other, indicating that the Al2O3-layer has little or 

no effect on the reaction mechanisms in the battery. In both voltammograms, a small reduction peak 

at 0.95 V was observed, corresponding to the decomposition of the electrolyte to form a SEI film on 

the carbon surface. Sharp reduction and oxidation peeks can be seen between about 0.01 V and 0.15 

V. The reduction peak is attributed to the insertion of Na+ in the hard carbon, whiles the oxidation 

peak corresponds to the extraction of the Na+ from the carbon.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Cyclic voltammograms for the uncoated (a) and the coated (b) Carbon2200. 
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Cyclic voltammograms for the coated Carbon1000 where NaPF6 in EC:DEC and NaPF6 in EC:DEC:FEC 

(45:45:10) are used as electrolytes are shown in figure 5.9a and 5.9b, respectively. The broad 

reduction peak at about 1.65 V in figure 5.9b during the first cycle can be attributed to the formation 

of SEI due to the content of FEC in the electrolyte, since FEC is a common SEI enhancer for SIBs and 

LIBs. That peak disappears in the subsequent cycles, indicating that the surface of hard carbon is 

passivated during the first cycle. The peaks close to 0 V in figure 5.9a and 5.9b result from the 

intercalation of Na+ in the carbon anode. Broad oxidation peaks found in both voltammograms at 

about 0.4 V corresponds to the extraction of Na+ from the carbon anode. The huge peak in figure 

5.9a between 1.5 V and 2.1 V during the first cycle is caused by measurement errors.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Cyclic voltammograms for the coated Carbon1000 where NaPF6 in EC:DEC is used as electrolyte (a) and where 
10% FEC is added to that electrolyte (b).  
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Figure 5.10 shows cyclic voltammograms for the coated and uncoated Carbon1000 where 1M NaPF6 

in PC is used as electrolyte. During the first cycle, a small reduction peak at about 0.5 V in figure 

5.10a (for the uncoated carbon) and 0.7 V in figure 5.10b (for the coated carbon) appears. These 

peaks are attributed to the electrolyte decomposition and the formation of a SEI film on the carbon 

surface. These peaks disappear after the first cycle, implying that the hard carbon surface is 

passivated during the first cycle. Reduction peaks close to 0 V and oxidation peaks at 0.2 V 

corresponds to the insertion and extraction of Na-ions in the carbon anodes, respectively. One 

distinction between the two voltammograms is that the coated anode shows small oxidation and 

reduction peaks here and there between cycles 3 and 6 (not shown in figure 5.10). This might be due 

to the reaction of aluminum from the coating with the electrolyte.   

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Cyclic voltammograms for the uncoated Carbon1000 (a) and the coated Carbon1000 (b) where NaPF6 in PC 
is used as electrolyte.  
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5.2.2 Galvanostatic cycling  

Galvanostatic charge-discharge profiles for the coated and uncoated Carbon2200 during the 1st, 2nd 

and 10th cycles are shown in figure 5.11 (the electrolyte is NaPF6 in EC:DEC). The shape of the two 

profiles looks similar, indicating that the electrochemical behavior is more or less the same for the 

coated and uncoated carbon batteries. A plateau at about 1 V during the first discharge (clearly seen 

in figure 5.11b) that disappears in the subsequent cycles is attributed to the formation of SEI films on 

the carbon surface due to the electrolyte decomposition. The discharge capacity loss is observed to 

be higher for the coated carbon than for the uncoated carbon, which can be seen from the low-

voltage region (<0.1 V).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Galvanostatic charge-discharge profiles for the uncoated Carbon2200 (a) and the coated Carbon2200 (b)  
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Figure 5.12 shows charge-discharge profiles for the coated and uncoated Carbon1000 in NaPF6 in 

EC:DEC electrolyte and also the coated Carbon1000 in NaPF6 in EC:DEC + 10 % FEC added to the 

electrolyte. As can be seen in figure 5.12, the electrochemical behavior for the battery containing FEC 

(figure 5.12c) is different from the batteries without FEC in the electrolyte (figure 5.12a,b). The 

capacity loss after the first cycle is also observed to be much higher for the FEC-containing 

electrolyte. A voltage plateau at 1.6 V in figure 5.12c during the first cycle is attributed to the 

decomposition of FEC to form a stabilized SEI film on the carbon anode. The discharge capacity after 

the 10th cycle is approximately the same as after the second cycle (in figure 5.12c), which indicates 

that the FEC from the electrolyte stabilizes the carbon anode. The sloping region between 1 V and 0.2 

V in figures 5.12a,b can be ascribed to the insertion of sodium-ions between parallel graphene layers. 

The plateau region below 0.1 V can be ascribed to the insertion of Na+ into nanopores of hard 

carbon. 

 

 

 

Figure 5.12: Galvanostatic charge-discharge profiles for the uncoated Carbon1000 (a) and coated Carbon1000 (b) with 
NaPF6 in EC:DEC as electrolyte and the coated Carbon1000 with NaPF6 in EC:DEC:FEC as electrolyte (c).   
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Data values from the galvanostatic cycling have been used to determine the charge/discharge 

capacity of the batteries, and how it changes overtime. Figure 5.13 shows how the capacity varies 

with the number of cycles for the uncoated Carbon2200 battery. The coulombic efficiency for every 

cycle is also plotted.  

 

 

 

 

 

 

 

 

 

 

Figure 5.14 shows the capacity and coulombic efficiency as a function of cycle number for the coated 

Carbon2200 battery as a comparison. The capacity loss after 5 cycles is much higher for the coated 

electrode comparing to the uncoated one, indicating that the Al2O3-coating did not give the expected 

results. The discharge capacity starts to stabilize after the second cycle for the uncoated electrode 

and after the fourth cycle for the coated one, with no capacity fading observed in the subsequent 

cycles. The increase in capacity after 80 cycles, which can be seen in figure 5.13, is due to expansion 

of the operating voltage window. The uncoated carbon shows much higher capacity values than the 

coated carbon. That can be explained by the higher surface area for the uncoated carbon electrodes. 

The uncoated electrode has got an initial discharge capacity of 50 mAhg-1 and a reversible capacity of 

38 mAhg-1 after 50 cycles, while the coated electrode shows an initial capacity of 43 mAhg-1 and a 

reversible capacity of 14 mAhg-1 after 50 cycles. These relatively low capacity values are due to the 

structure of the Carbon2200. Hard carbon treated at such a high temperature as 2200 °C results in a 

graphitic structure where the interlayer spacing of the graphene layers are too small to insert/extract 

sodium ions.  

 

 

 

 

 

Figure 5.13: Capacity and coulombic efficiency versus cycle number for the uncoated Carbon2200 battery.  
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In figure 5.15, the capacity and coulombic efficiency as a function of the cycle number are plotted for 

the uncoated Carbon1000 battery where the electrolyte NaPF6 in EC:DEC was used.  

 

 

 

 

 

 

 

 

 

  

The discharge capacity loss after the first cycle for the uncoated electrode was 24 %. The 

corresponding value for the coated electrode (figure 5.16) was 22 %. The initial discharge capacity for 

the coated electrode (302 mAhg-1) was also a bit higher comparing to the uncoated one (279 mAhg-

1). On the other hand, the coated electrode shows a capacity fading during the subsequent cycles 

while the capacity of the uncoated electrode stabilizes after the second cycle. After 12 cycles, a 

reversible capacity of 204 mAhg-1 for the uncoated carbon could be obtained, which is slightly higher 

than the reversible capacity for the coated carbon (199 mAhg-1) after 12 cycles.  

Figure 5.14: Capacity and coulombic efficiency versus cycle number for the coated Carbon2200 battery. 

Figure 5.15: Capacity and coulombic efficiency versus number of cycles for the uncoated Carbon1000 battery 
with NaPF6 in EC:DEC as electrolyte.  
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The capacity and coulombic efficiency versus the number of cycles for the coated Carbon1000 

electrode with the electrolyte NaPF6 in EC:DEC:FEC (45:45:10) are shown in figure 5.17. A huge 

discharge capacity drop (73 %) can be observed after the first cycle. However, the capacity stabilizes 

after the second cycle with no capacity fading during subsequent cycles, indicating that the FEC 

stabilizes the carbon electrode. A reversible capacity of 124 mAhg-1 is obtained after 75 cycles, with 

almost 100 % coulombic efficiency.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Capacity and coulombic efficiency versus number of cycles for the coated Carbon1000 battery 
with NaPF6 in EC:DEC as electrolyte.  

Figure5.17: Capacity and coulombic efficiency versus number of cycles for the coated Carbon1000 battery 
with NaPF6 in EC:DEC:FEC as electrolyte.  
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Figure 5.18 illustrates the discharge capacity versus the number of cycles for all 5 batteries. It is not 

surprising that the Carbon1000 electrodes gave much higher capacity values than the Carbon2200 

electrodes (figure 5.18). The graphene layers in Carbon1000 are more randomly oriented and can 

thus insert/extract Na-ions to a higher extent comparing to Carbon2200, which has a more graphitic 

structure with small distances between the graphene layers. For the Carbon1000 batteries where 

NaPF6 in EC:DEC was used as electrolyte, higher reversible capacity values were obtained comparing 

to the Carbon1000 battery where 10 % FEC was added to the electrolyte. After 10 cycles, the 

reversible capacity for batteries 3 and 4 is about 200 mAhg-1 while only 117 mAhg-1 could be obtained 

from battery 5. The lower capacity value can be explained by a thick SEI-layer formation on the 

carbon anode due to the FEC, which hinders the passage of Na-ions.  

 

 

6. Conclusions and future outlooks 
Aluminum oxide coatings on hard carbon electrodes for sodium-ion batteries (NIBs) have been 

studied, using different electrolytes. Two different hard-carbons treated at different temperatures 

were investigated as electrodes. The Carbon1000 electrodes show about 5 times higher reversible 

capacity values than the Carbon2200 electrodes because of structural differences between these two 

carbons. The hard carbon treated at 2200 °C is thus excluded as an alternative anode material in 

NIBs.  

The addition of FEC to the EC:DEC based electrolyte resulted in a lower reversible capacity and a 

much lower coulombic efficiency during the first cycle. Hence, NaPF6 in EC:DEC without the FEC 

additive is a better choice for the electrolyte.     
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Figure5.18: Discharge capacity as a function of cycle number for the uncoated Carbon2200 electrode, coated 
Carbon2200, uncoated Carbon1000, coated Carbon1000 with the electrolyte NaPF6 in EC:DEC and the coated Carbon1000 
with the electrolyte NaPF6 in EC:DEC:FEC.  
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The discharge capacity for the coated Carbon1000 anode with the electrolyte NaPF6 in EC:DEC is 

slightly higher than for the uncoated Carbon1000 during the first 5 cycles, but the capacity fading 

during the first cycles is also higher. The difference between these two electrodes (coated and 

uncoated) when it comes to reversible capacity and coulombic efficiency, is too small to draw a 

conclusion about the impact of the Al2O3 coating on battery capacity and efficiency. The low impact 

of the Al2O3 coating might be explained by the small amount of Al2O3 formed on the surface of the 

hard carbon particles. Future work within this field should be focused on synthesizing Al2O3 using 

different amount of Al-based precursors and trying to optimize the amount of Al2O3 formed on 

carbon particles to obtain the best results.  

It would also be interesting to do rate capability tests with the cells to see how the charge/discharge 

rate (C-rate) would affect the battery performance.  
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