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Abstract

Towards Stable Li-metal electrode for rechargeable
batteries

Julia Morát

Different types of alumina containing coatings were made on lithium
and copper in the purpose to mechanically hinder the growth of
dendrites. Lithium, coated with polymer-alumina composites were 
placed in symmetric cells for in situ studies by a light microscope. 
The coatings did not block the dendrites, but they did change the 
growth rate and morphology of them, probably throw both chemical 
interactions and changes in ion transportation. Also the stability of 
capacity were tested for the same coatings, the result showed a 
bigger capacity drop for cells containing coated lithium versus cells
without coatings.

Attempted alumina coatings were also made by a solgel technique, by
direct reaction with the compound trimethylaluminium and with an
alumina containing acetonitrile solution.

The theses also includes a study of the stability of lithium in
adiponitrile. A higher amount of LiTFSI salt in adiponitrile could by
this study be reported to inhibit the dissolution of lithium that was
seen for lower salt concentrations. The dissolution appeared when the
solution was used as an electrolyte in a symmetric lithium cell. Some
differences could be seen when the lithium surface were studied by
XPS after interaction with high, low and zero concentration LiTFSI.
Both the XPS studies and the absences of lithium dissolution
indicates that a more or less stable SEI had been formed.
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Populärvetenskaplig Sammanfattning  
 

Visst har du någon gång blivit irriterad på att din mobil dör när du behöver den som mest. De 

flesta av oss använder ett stort antal batterier varje dag, delvis i vardagliga saker som klockor, 

bilar, datorer och leksaker, men de används även i livsavgörande produkter så som pacemakers 

och backup-system i sjukhus. Ett batteri som innehåller mycket energi är förstås bättre än ett 

batteri som bara innehåller lite energi, samtidigt vill man att batteriet skall vara så litet och lätt 

som möjligt. Ett batteri består av en pluspol, kallad katod, en minuspol, kallad anod, och en 

elektrolyt som kan transportera joner.  

Litiummetall är ett anodmaterial som kan generera mycket energi per viktenhet. Problemet med 

litium är att det kan växa ut något som kallas dendriter från metallen. Dendriterna kan bli så 

långa att de når katoden. Så långa dendriter kan i värsta fall orsaka en explosion eller göra så 

att batteriet fattar eld. Mindre dramatiska resultat av dendrittillväxt är att batteriet slutar att 

fungera eller att mängden energi som kan utnyttjas i batteriet minskar varje gång det laddas upp 

och ur. Anledningen till att mängden energi minskar är att dendriterna kan tappa sin kontakt 

med anoden. Litium som tappat kontakten med anoden kallas för dött litium.   

Dendriter kan stoppas mekaniskt genom att de blockeras med hjälp ett material som är hårdare 

än litium, men för att batteriet skall fungera så måste det blockerande materialet även vara 

genomsläppligt för joner. Det material som har lagts störst fokus på i denna rapport är 

aluminiumoxid. Aluminiumoxid har tidigare visats ha en positiv effekt mot dendriter, men den 

beläggnings metod som då användes var dyr, och därför inte aktuell i detta arbete.  

Två typer av komposit-beläggningar gjordes på ytan av litium. Kompositen bestod av en 

polymer-del och en aluminiumoxid-del. Beläggningarna hindrade inte dendriterna att passera, 

men ökade mängden dött litium och ändrade utseendet och tillväxthastigheten på dendriterna. 

Anledningen till att mer dött litium bildades kan för den ena kompositeten bero på en reaktion 

mellan lösningsmedlet acetonitril och litium och för den andra att kompositen var ojämn och 

reagerade med elektrolyten. 

Ett lösnings medel som kallas adiponitril skulle kunna ha bra egenskaper för att användas i en 

elektrolyt. Problemet är att adiponitril vanligtvis reagerar med litium på ett sätt som är dåligt i 

ett batteri. Om en stor mängd av saltet LiTFSI löses upp i adiponitril så kan denna negativa 

reaktion minimeras. Adiponitril kan då användas som lösningsmedel för en elektrolyt i ett 

litiummetall batteri utan att varken lösa upp litiumet eller bilda farliga ämnen. Anledningen till 

att den dåliga rektionen minskar då salt tillsätts är antagligen att ett skyddande lager bildas på 

litiumets yta vilket gör att adiponitrilen och litiumet då inte kan komma i kontakt med varandra. 

Detta lager skulle även kunna påverka bildandet av dendriter. 
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Abbreviations and Definitions 
  

 ALD   Atomic layer deposition 

 Atm   atmosphere  

 DMC   Dimethyl Carbonate 

 E°   standard potential 

 faradaic process  A process that includes a reduction or oxidation 

 half reaction  the oxidation or reduction of a redox reaction  

 K   Kelvin 

 LiTFSI   lithium bistrifluoromethanesulfonamide 

 LFP    LiFePO4 

 OCV    Opened Circuit Voltage  

 PEG-DMA   Poly(ethylene glycol) dimethacrylate 

 PEG-MA   Poly(ethylene glycol) metylether acrylate 

 SEI    Solid electrolyte interphase 

 Solgel   A method to produce a solid material, starting as a  

   solution, forming a colloidal solution and then a gel.  

 TMA   trimethylaluminium  

 η   Overpotential 

 redox reaction  the coupled oxidation and reduction reaction 
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1 Introduction  
Batteries are very important in today’s life, without them there would not be any mobile phones, 

digital watches, laptops, or any portable electrical machines.  Batteries are also important as a 

lifesaving backup if the normal power lines dies, and as a part of the solution to decrease the 

global warming. Batteries can store excess energy from for example solar cells a sunny day, or 

from windmills a windy day. The ability to use electrically powered vehicles can also decrease 

the global warming. 

Rechargeable Li-ion batteries are among the most popular batteries used today because of their 

high energy density and their small memory effects. Still the gravimetric and volumetric energy 

densities of these batteries could be highly increased by using lithium metal as the anode instead 

of the conventional anode materials such as graphite. However, Li-metal anodes suffer from 

two main problems: i) the formation of dendrites, and ii) poor cycling efficiency. Dendrites are 

outgrowths from the metal that can grow so long that they form a bridge over to the cathode, 

which will give rise to a short circuit and may cause thermal runaway. Thus, a membrane or a 

separator can be used to hinder the dendrites to grow too far. This membrane should have high 

mechanical stability toward dendrites, but it also needs to provide high enough ion conduction.  

The low efficiency of Li-metal anodes is mainly originating from poor properties of the so 

called solid electrolyte interphase (SEI) that automatically forms on Li-metal anodes in contact 

with electrolytes. The SEI has to have good ion conductivity, low solubility in the electrolyte, 

and to be stable. The volume of the Li-metal anode changes during the charge and discharge of 

a battery. This can result in formation of cracks in the SEI, and therefore also formation of new 

SEI at the expense of capacity lost. 

Three different approaches have been commonly used to improve properties of the SEI and to 

block dendrite formation on Li-metal anodes, see Figure 1. The “In-situ formed SEI” approach 

includes possibilities to tune properties of the SEI by using different electrolyte solvents, salts 

or additives. The “Ex-situ formed coating” approach refers to studies where a coating is used 

to cover the surface of Li-metal. For example, a Li-metal exposed to N2 or O2 gas or coated by 

atomic layer deposition (ALD) technique is considered in this approach. Lastly, solid/polymer 

electrolytes are expected to supress dendrite formation on Li-metal anodes. 
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Figure 1. Three different approaches used to improve properties of the SEI and to block dendrites.  
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This thesis is focusing on the two approaches of “In-situ formed SEI” and “Ex-situ formed 

coatings”. The advantage of the first approach is its low cost process as it requires no extra step 

and it could easily be used via using a proper electrolyte. The second approach is more 

expensive for industrial application, however, it opens up new opportunities to tune properties 

of Li-metal. Within this master project, the “In–situ formed SEI” approach was tested by 

studying the influence of salt concentration in a specific electrolyte chemistry on the 

performance of Li-metal. The “Ex-situ formed coating” approach was also investigated by 

using several different methods to apply an Al2O3-based coating on Li-metal. In particular, the 

following goals were defined: 

 

 Improved performance of Li-metal by using a high concentration of lithium salt in 

adiponitrile-based electrolyte. 

 Ex-situ formation of coating of Al2O3/Al2O3-composite using cheap techniques, in order 

to block dendrite formation. 

 

The details of experimental setup, chemicals, and test are explained in the following sections. 
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2 Background/theory 

2.1 Lithium  

Lithium is a silver coloured metal that is placed in the first group of the periodic table. The 

placement in the upper left corner in the periodic table gives it a very low mass density of 

0.564 g/cm3 and also a large negative standard potential of E°= -3.04 V vs. SHE, which means 

that it easily gives away electrons and becomes oxidized.[5] These two properties are highly 

contributing to why lithium is so popular to use in batteries. Many commercial batteries use 

lithium ions that are intercalated into graphite anodes which gives a specific capacity of 

372 mAh/g. A much higher capacity of 3860 mAh/g [4] can be obtained if using lithium metal 

as an anode. The increase in specific capacity is mostly due to removal of inactive host 

materials.[6] The areal capacity is also an important factor. A long range driving electrical 

vehicle needs an aerial capacity that is bigger than 10 mAh/cm2, i.e. a plating and striping 

thickness of about 50 µm.[4] 

The problem with using lithium metal is its stability issues. Lithium interacts with the organic 

electrolyte, and that can lead to a porous dendrite structure, which is both a safety problem and 

a battery performance problem (see section 2.2 Dendrites). [6]  

Lithium is very soft, and the melting point at 180 ℃ [7] is relatively low for a metal. This makes 

lithium difficult to handle without affecting the surface structure, but it also makes it easier to 

mechanically stop dendrites formed by lithium than it would be to stop dendrites formed by a 

harder metal. 

Lithium that is kept in humid air will more or less instantly start to corrode and mainly form 

the white compound lithium carbonate, LiCO3, with the process:       

2Li + 2H2O ⇋ 2LiOH + H2     

2LiOH + CO2 ⇋ LiCO3 + H2O 

[7] Lithium also reacts with other compounds in air, as for example nitrogen. The reaction with 

nitrogen gives Li3N, which is a black compound. The formation of Li3N is increased in a moister 

environment. The reason for this is that the white coloured LiOH is a necessary precursor. The 

reaction can be inhibited by O2 or H2 even though lithium is quite resistant to pure oxygen. 

Oxygen and lithium does not react easily with each other under the melting point of lithium. 

Although, in moist oxygen can the following reaction occur: 

4Li + O2 + 2H2O ⇋ 4LiOH  

Moist air would give lithium a mixed corrosion coating consisting of mostly LiOH, LiOH·H2O, 

Li2CO3 and Li3N, but also compounds as Li2O3 and Li2O can be formed. Most of the reactions 

are increased by higher temperatures and impurities like potassium, sodium and aluminium, 

while magnesium restricts the corrosion.[8]                    

Because of these reasons lithium should be kept in an inert environment not to corrode, 

tentatively in an argon filled glovebox. Lithium is also highly reactive with organic chemicals. 

Organic chemicals in form of solvents, active spices and impurities can be reduced and corrode 

the lithium; these reactions can also lead to degradation of the anode.[7]  

A good electrolyte for a battery with a lithium-metal anode should have controlled reactivity 

with lithium, low viscosity, not to low boiling point, and contain a lithium salt with big anions 

and a solvent with low reduction potential.[4] 
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2.2 Dendrites 

Dendrites are tree shaped outgrowths, but when discussing batteries it generally includes all 

types of outgrowths. Dendrites can grow from the lithium surface (and other metals, but the text 

will focus on lithium) during e.g. electroplating and interaction with the electrolyte. Dendrites 

preferably starts to growfrom defects in the metal crystal.[9] These outgrowths can cause an 

internal short circuit in the battery. This happens when dendrites from one of the electrodes 

growth so long that it reaches the other electrode.  Dendrites can also cause overheating, thermal 

runaway and set the organic electrolyte on fire, or even make batteries explode.[5][10] The 

consumption of electrolyte will rise due to overpotential, because a higher overpotential will 

most likely give a thicker SEI that consumes electrolyte and the capacity will therefore become 

lower (see section 2.3 Solid Electrolyte Interface, SEI).[6] Dendrite formations can also lower 

the capacity of a battery because of formation of so called dead lithium. Dead lithium is formed 

when dendrites lose their contact with the electrode and therefor stops being part of the active 

material. These big safety and capacity problems have turned lithium-metal unattractive to use 

in commercial batteries. A lot of studies including computer simulations and experimental work 

about lithium-dendrites have been preforemed during the last 40 years.[10]  

A seemingly basic property as the temperature dependence of the dendrite growth has been 

discussed in several papers, and they do not all even report the same result. This shows that a 

lot of parameters influence the dendrites formations, which makes it hard to evaluate only one 

property, and that a lot of statistics are needed for a valid result.     

Nishida et al. reports that dendrites grow faster and faster with higher temperatures, this is 

visually shown in the paper (see Figure 2). The initiation time is reported to be shortest for the 

middle temperatures 25 and 10 °C.[11] 

According to Love et al., the growth rate is faster at lower temperatures such as -10 °C and 

slower at higher temperatures such as 20 °C, but an internal short circuit was seen earliest at 

5 °C. This was said to be because of another growing morphology at this temperature. Reasons 

for higher growth rates at lower temperatures could be i.) the solubility of lithium ions in the 

electrolyte decreases. ii.) the paring between the lithium and its anion increases. iii.) the ion 

diffusion will become lower due to higher viscosity, the mass-transport-resistance will increase 

and the charge-transport-resistance will be reduced because of a thinner SEI.[12] Also Aryanfar 

et al. and Akolkar et al. reported a faster growth rate at lower temperatures. Aryanfar et al. 

examined the temperatures 21, 48 and 70 ℃ both as computer simulations and experiment.   

 

Figure 2. Dendrite growth as a function of temperature and charge. The study was done with 1.0 M LiTFSI in ionic 

liquid and a current dencity of 0.2 mA cm−2. From [11] 
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The Akolar model predicts the dendritic growth of lithium during galvanostatic  

electrodeposition. The model is based on analysis of the overpotential and differences in current 

density at the dendrite tip versus the flat surface when changing; the overall current density, the 

transport properties and the electrodeposition kinetics.[13] 

 

 

Figure 3 schematic illustration of dendrite growth after the initiation point with the radius r is formed. 

Calculations are made to estimate the potential difference between the flat surface and the 

dendrit tip. The overpotential at the flat surface is a sum of the of activation overpotential on 

the flat surface  and the concentration overpotential on the flat surface. 

The overpotential at the dendrite tip is the sum of activation overpotential on the tip and the 

concentration overpotential on the tip, but also the overpotential due to surface energy which is 

directly proportional to the surface tension at the electrode-electrolyte interference (γ) and 

invers proportional to the tip radius (r).[13] 

The growth rate can however be changed by several parameters that are not mentioned in the 

model. For example can type of electrodes and separator, formation of an SEI, type and amount 

of electrolyte as well as the current change the dendrite growth rate.[12] 

The viscosity can change the lithium transportation and therefore affect the dendrite formation. 

The time till short circuit is reported to be shorter for higher viscosity, while no trend in short 

circuit time could be seen for different ionic conductivities. A high viscosity (η) gives a short 

time between the mean collision of particles (τ). See equation 1.  

𝜇 =
𝜏

𝑚
=

1

6𝜋𝑟𝜂
      (eq. 1) 

Where µ is the mobility, m the mass and r the radius of single particles. A high τ gives a thick 

and dense dendrite morphology, correspondingly will the dendrites become long and thin if τ 

is low. Larger anions increases the time till short circuit. A high interfacial energy, γ, between 

the lithium and solvent will inhibit the growth of dendrites. The reason is that surfaces with 

high surface energy will try to get as small surface area as possible, dendrites would increase 

the surface area and are therefore repressed. This effect can be used by forming another SEI. 

The reaction between ethers and lithium will for instance attach the oxygen in the ether to 

lithium, and its long chains will both be a steric hinder and increase the interfacial energy. The 

longer chains, the larger overpotential.[4] 

Pointy dendrites does in general grow faster than blunt ones, this is because a sharp dendrite 

got a thinner SEI-layer and higher current density then a flat surface.[12] 

A high deposition rate (high current) will lead to quite dense and big, but relatively short 

dendrites. A low deposition rate will lead to long and needle shaped dendrites. The smallest 

dendrites both in width and lengths are formed at a middle high current (see Figure 4). [11] The 
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specific values of the current representing different dendrite morphology are only valid for this 

specific system. A high current, will in general make the impedance higher due to the formation 

of SEI (see section 2.3 Solid Electrolyte Interphase, SEI), this effect can evanesce when 

dendrites are formed.[9] 

 

 

Figure 4. Dendrite formation as a function of current density and charge. The study was done with a LiTFSI 

concentration of 1.0 M in an ionic liquid, the temperature was 25 °C. From [11] 

Also the salt concentration in the electrolyte makes a difference in dendrite morphology. The 

dendrites are denser and shorter for low concentration and vice versa for high concentration, 

(see Figure 5).[11] The exact concentration-dendrite correlation can only be valid for the same 

system that were studied. 

 

 

Figure 5. Dendrite formation as a function of electrolyte concentration and charge. The study is done with a current 

density: 0.2 mA cm−2, temperature: 25 °C with LiTFSI as electrolyte salt in ionic liquid. From [11] 
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A paper made by Hallinan et al. investigated difference in dendrite formation in symmetrical 

and asymmetrical cells; Li-polymer separator-Li versus Li-polymer separator-LiFePO4 (LFP). 

The lifetime for the non-symmetrical cells were significant longer than for symmetrical cells 

when cycled with constant current. The observed dendrites were 10 times longer for symmetric 

cells. The thicker the polymer electrolyte was, the longer life time for both the symmetrical and 

non-symmetrical cells.[14] This is probably connected to mechanical suppression of dendrites. 

Cells with polymer electrolytes become more stable against dendrites when the shear modulus 

of the polymer is high, at least if it is higher than lithium itself. [15] Other factors that could 

suppress the dendrite formation is; the pressure effect, using thinner lithium foil or applying 

bock copolymer electrolytes on the lithium. [4]  

2.3 Solid Electrolyte Interphase, SEI 

A solid interphase can be formed directly on the surface of an electrode if the electrolyte comes 

in contact with the electrode that has a potential outside the electrochemical window of the 

electrolyte.  It can also be formed as a side reaction of the electrochemical reactions that occurs 

on the surface of the electrode because of the lower potential that is reached when using the 

battery. Layers formed on the negative electrode in a lithium containing battery is called a solid 

electrolyte interphase (SEI).[16]  

A good SEI should only allow ion transportation, and not electron transportation nor 

transportation of neutral spices. The positive effect with blocking transportation of neutral 

spices is that the continuous growth of SEI is stopped, i.e. the SEI inhibits its own growth by 

preventing the interaction between the lithium and the organic solvent. The SEI will thus 

maintain a stable thickness because of this transportation limitation.[16] 

As mentioned earlier, a thickness change of about 50 µm during plating and stripping is 

necessary to get enough areal capacity for some applications. This large volume change 

destroys the SEI and encourages the dendrite formation.[4] 

The most common electrolytes for Li batteries consist of organic solvents. These solvents are 

not stable in contact with lithium nor with other electropositive metals, i.e. metals that 

advantageously like to donate electrons. The solvents are for the same reason also unstable at 

low potentials. Organic solvents can hence only be used if there is a separating intermediate 

phase in between the electrolyte and the electrode.[16]  

The properties of the SEI, is clearly dependent on which type of electrolyte that is used. The 

melting point and the dielectric constant are important when choosing electrolyte.[16] A high 

viscosity gives a slow ion mobility, which changes the morphology of dendrite formation to 

more dense. Bigger anions increases the time to short circuit and so on.[4] A perfect electrolyte 

is hard to find, ethylene carbonate is an example of a good electrolyte solvent, but it has a high 

melting point, and therefore has to be mixed with other solvents. [16] 

The formation of an SEI layer has both its pros and cons. One of the cons is that some of the 

active material is consumed during the formation of the SEI. Another disadvantage is that the 

ion conductivity could be lowered, especially if the layer gets thick.[16] Pros are for example 

protection of the lithium metal and the blocking of electrons to the electrolyte. 

One way to change the properties of the SEI is to use additives to the electrolyte. The additives 

should preferably be reduced at a more positive potential than the main solvent/solvents to more 

easily change the SEI.[16]  

The SEI has to be elastic otherwise it will crack from volume expansions during plating and 

stripping. The cracks will lead to the formation of more SEI and lower the capacity (see Figure 

6) 
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Figure 6. Schematic illustration of the formation of dendrites throw the SEI during plating and striping. The illustration 

does also show how cracks in the SEI can increase the formation of dendrites. Illustration is taken from [39] 

2.4 Potentiostatic techniques 

2.4.1 Potential 

The standard potential, E°, is based the critical potential for a specific substance where an 

electron transfer occurs. The substance can either accept or release an electron i.e. get reduced 

or oxidized. Oxidation will occur when the potential is more positive than the standard potential 

and reduction will occur when the potential is more negative than the standard potential. 

Potential is measured in volt [V= J/As] and is an energy form which is received from the energy 

gain of the electron exchange. The standard potentials have no absolute value, as it is always 

shown as the potential compered to another half reaction. One of the most common reference 

electrodes is the hydrogen half reaction; 2H ⁺+ 2e⁻ ⇋ H2(g), therefore is the standard potential of 

E°=0 V of this reaction when hydrogen is used as a reference. Lithium Li+ +e- ⇋ Li(s), has the 

standard potential of E°= -3.04 V against the standard hydrogen electrode (SHE). This means 

that 3.04 joule will be gained for every ampere second when lithium is oxidised and hydrogen 

reduced. Copper Cu2⁺ + 2e⁻ ⇋ Cu(s), E°=0,34 V has a higher potential than both hydrogen and 

lithium, and will therefor become reduced, and hydrogen and lithium will get oxidized if they 

get in contact with copper. The potential between two half reactions is called the cell potential, 

E°cell, and is calculated as; E°cell= E°red-E°ox, where “red” stands for the half reaction that will 

be reduced (the one with most positive potential) and “ox” stands for the half reaction that will 

be oxidised (the one with most negative potential). The cell potential for Cu2+ versus Li will 

therefore be E°cell = 0.34-(-3.04) = 3.38 V.[17-18] Copper that is exposed to air will 

spontaneously form a copper oxide film on the surface. The standard potential for reduction of 

Cu(I)oxide is around -0.8 V and Cu(II)oxide around -0,65 V. Both these values are depended 

of the thickness of the oxide film.[19]  The cell potential will therefore be changed depending 

on how thick oxide layer is. 

The bar (°) symbolize that the tabulated potentials are valid for standard conditions (i.e. 

298.15 K, 1 atm). Nernst equation gives the cell potential for a cell whose conditions differ 

from the standard ones: 

𝐸𝑐𝑒𝑙𝑙 = 𝐸°𝑐𝑒𝑙𝑙 +
𝑅∙𝑇

𝑛∙𝐹
ln (

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
)                              (eq. 2) 

Where; R is the gas constant, T the temperature in kelvin, n number of moles electrons and F 

faradays constant.  aox / ared are the activity for the oxidation respective reduction species. 

The reduction reaction rate is given by: 

𝜈𝑅𝑒𝑑 = 𝑘𝑟𝑒𝑑 ∙ 𝐶𝑜𝑥(0, 𝑡) =
𝑖𝑐

𝑛∙𝐹∙𝐴
                  (eq. 3) 
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Where k is the rate constant in one direction, C(0,t) the concentration at the electrode surface 

(x=0) and ic is the cathodic current. The corresponding equation can be found for the oxidation 

reaction rate. The total reaction rate is: 

𝜈 = 𝜈𝑟𝑒𝑑 − 𝜈𝑜𝑥 =
𝑖𝑐−𝑖𝑎

𝑛∙𝐹∙𝐴
                                  (eq. 4) 

Where ia is the anodic current. The total current is ic minus ia. 

The opened circuit voltage (OCV) in a battery is defined as the voltage between the electrodes 

when no current is applied. This value should be close to the cell potential of the electrodes, but 

it usually differs slightly from E°cell because of various reasons. A phenomenon called ohmic 

drop (or IR-drop) will course the voltage to decrease when applying a current. This is due to 

the intrinsic resistance in the cell and follows ohm´s law (U=IR).[17] [20] 

Overpotential, η, is a battery’s potential difference from the OCV during charge and discharge. 

Charge will give a higher potential then the OCV and discharge will give a lower potential then 

the OCV.[21] 

The oxidation/reduction will be favoured by applying an overpotential, either positive or 

negative. The bigger the potential difference is from the equilibrium potential, the higher will 

the current be and therefore also the rate of the faradaic process. But the current will reach a 

limit at high η, because the mass transport becomes too low and limiting. The redox reaction 

(the faradic process) is generally faster than the transportation of the reactants from the bulk to 

electrode.  There are three ways for the active spices to move to the electrode; i) The convection 

way, the spices are moving due to a mechanical force such as stirring, pressure gradients or 

vibrations, these external inputs can more or less be avoided. ii) Diffusion, caused by 

concentration differences which can be calculated. iii) Migration, is caused by an electric filed, 

or gradient of electrical potential, and therefore only moves ions. Positive ions attract negative 

and vice versa. The migration is affected by several parameters such as the resistance, the 

electrodes, the ions dimensions etc. this makes it very hard to calculate. A salt, that is not active 

in the reaction, is usually added to the electrolyte to minimize these effects and avoid this 

mathematical problem.[17]    

A cells overpotential will initially decrease due to the formation of SEI (see section 2.3 Solid 

Electrolyte Interphase, SEI). A rapid increase in overpotential could evolve upon electrolyte 

decomposition, while a more steady decrease could be due to the electrolyte drying up because 

of the formation of SEI.  The drying of electrolyte can give less active sites and therefore give 

an uneven distribution of current which leads to a higher level of dendrite formation. A short 

circuit can electrochemically be seen as a sharp drop in potential, and is addressed; the end of 

life.[6]  

2.5 Adiponitrile/Acetonitrile   

Adiponitrile is an organic solvent with the chemical formula (CH2)4(CN)2, (see Figure 7). It has 

a quite high dielectric constant,[22] a potential window of around 6-7 V [23] and a high boiling 

point.[22] 

A similar compound called acetonitrile, CH3CN has been investigated as an electrolyte 

compound. Acetonitrile is a good electrolyte solvent for several reasons; it is stable, both 

generally chemically and against oxidation, it has a high dielectric constant which makes it 

good for dissolving electrolyte salts, it has a high ion conductivity and contributes to a short 

battery charging time. The big problem with using acetonitrile in lithium containing batteries is 

that the compound has a low stability towards reduction, and decomposes to lithium cyanide.  

CH3CN + 2Li⇋ CH3⁻ + CN⁻+ Li⁺                                                    
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Lithium cyanide is a dangerous compound that no one wants to have in their batteries, in 

addition will cyanide bind to lithium, and thereby decreases the capacity a lot. The reaction 

between acetonitrile and lithium can be restricted by having a high salt concentration in the 

electrolyte. The salt will decompose and form a protective layer on the lithium surface. This 

have been tested by Yamada et al.. The salt used during the mentioned experiment was lithium 

bistrifluoromethanesulfonimide (LiTFSI), and the highest concentration was 4.2 M (see Figure 

7). A clear visual difference of the stability of the lithium-acetonitrile interaction between the 

concentrations; 1 M verses 4.2 M LiTFSI, could be seen already after 24 hours. The formation 

of a protective layer was also seen by ESCA/XPS, Raman spectroscopy and electrochemical 

measurements.[24] 

  

Figure 7. The structure of adiponitrile (left) and LiTFSI salt (right).  

Another problem with acetonitrile as an electrolyte solvent is that it evaporates very fast, this 

makes it hard to build batteries with acetonitrile. Adiponitrile has a much higher boiling, and 

could therefore be better as an electrolyte solvent.  

The solubility of adiponitrile is about 8wt% in water [25] which is quite small compared to 

acetonitrile that is miscible in water.[26]  The salt solubility should therefore be lower in 

adiponitrile. 

2.6 Aluminia-polymer composite 

2.6.1 Aluminia, Al2O3 

Aluminia is a very hard inert white metal oxide. It exists naturally as corundum and emery. If 

doped with chromium or titanium it becomes a ruby respectively sapphire. There are two 

different phases of pure aluminia; α-aluminia and γ-aluminia. α-aluminia has a hexagonal close 

packed lattice, and is a very stable compound. γ-aluminia is less stable, and will transform to 

α-aluminia if heated to 1150-1200 ℃. There also exists β-, δ- and ζ-aluminia, but these ones 

also contains some type of alkali metal ion, i.e. they are not pure Al2O3.[27] 

Aluminia could be a good compound to block dendrite growth for several reasons. Firstly 

because the hardness of the compound but also because of the passivating film that is formed 

together with the electrolyte i.e. the aluminium effect of the SEI. The interface between the 

electrode and the SEI improves [6], and Al2O3 can form the thermodynamic stable ion 

conducting compound, LixAl2O3 by reaction with lithium.[7]  

Kluger [40] describes a solid electrolyte made of aluminia and LiI pressed together, where the 

lithium ions were transported throw the electrolyte by jumping between the oxygen in the 

porous aluminia. Kluger et al. also pointed out that the conductivity decreased rapidly when the 

physical contact between the aluminia particles became worse.[28] The ion conductivity in 

metal oxides depends on many things, for example; doping, type of ion that is transported, 

surrounding atmosphere, and the microstructure of the metal oxide, while conductivity is 

favoured along grain boundaries and dislocations. The electronical conductivity in Al2O3 is low, 

which is positive for a coating on an electrode, while it gives less current losses. [29] 



Master thesis: Towards Stable Li-metal electrode for rechargeable batteries, | Julia Morát 

 

11 

 

A large number of papers are describing how a thin layer of Al2O3 has been coated on lithium 

by using atomic layer deposition (ALD). These papers report a higher capacity stability, 

improved cyclability, suppression of SEI, strong suppression of dendrites [6] and a higher 

resistance against corrosion compered to pristine lithium electrodes.[7] Already a thickness of 

2-3 nm helps to suppress dendrites. ALD coated surfaces were much smother after cell failure 

than non-coated. [6] A thickness of less than 2 nm can maintain the same ionic conductivity as 

non-coated lithium but it is not thick enough for protecting the lithium. The thicker the aluminia 

is, the better is the protection against corrosion. For comparison; samples coated with 14 nm 

aluminia layer started to corrode after 20 hours, while non-coated samples started to corrode 

after 1 minute.[7] 

An interesting observation made on 2-3 nm thick aluminia coating on lithium was that no 

aluminium was found on the electrode surface by using ESCA/XPS after cell failure. This could 

be explained by diffusion of aluminium further in the lithium bulk than the escape depth of 

excited photoelectrons from ESCA, or it could be explained by aluminium going out in the 

electrolyte. Another important point found during the research is that a large part of the 

improved performance was due to the heating effect during the ALD.[6] 

ALD is a very good technique because it can give thin even layers in an inert atmosphere and 

under low temperatures, but ALD is expensive and therefore not suitable for commercial battery 

production.[6] 

2.6.2 Composite 

An earlier experiment with Al2O3-polymer composite as separator describes dendrites buckle 

an aluminia-composite separator, but none of the lithium dendrites was seen penetrating the 

membrane after a full charge of the cell. The separator was made by a Al2O3-poly(ethylene 

oxide) (PEO) composite, i.e. crosslinked ethylene oxide chains mixed with Al2O3 nano-

particles. The membrane was flexible, 0.75 mm thick and mechanically strong. All these 

properties are important for an electrochemical cell and dendrite blocking ability. The separator 

was soaked in liquid electrolyte, which made the membrane conductive for lithium ions. The 

lithium ion diffusion through the membrane was still lower than for a plain electrolyte (5.5*10-

13 m2s-1 compared to 3*10-12 m2s-1) this is the main reason to have a thin membrane. The 

flexibility is important for the durability. The mechanically strength of the separator blocks the 

dendrites. Fabrication of this composite membrane is cheap and can be done in a large scale.[1] 

2.7 Other ways to coat lithium and copper with aluminia 

2.7.1 Solgel method 

Making aluminia coatings by using solgel technique is a cheap way to go. It has former been 

done on graphite powder that has been used in anodes. The coating was made by mixing 

aluminium nitrate Al(NO3)3 in water with ammonia or urea. The solution was then heated to 

70℃ to form a solgel. The coated graphite was placed in an argon filled furnace at 900 ℃ for 

6h. The coating improved the columbic efficiency of the anode, especially during the first cycle, 

by acting as a stable SEI.[30] A similar coating could hopefully be made on copper. A solgel 

method could also be used for lithium, if finding a solgel approach that does not contain water 

nor any other compounds that corrode lithium. 

2.7.2 Trimethylaluminium 

Trimethylaluminium (TMA) with the chemical formula Al(CH3)3 is a very reactive compound, 

especially in contact with a reducing agent. TMA has commonly been used to form aluminia 
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through a reaction with water, via the technique, atomic layer deposition (ALD). Li et al. 

describes how Al2O3 can be formed also through solvent chemistry. 3ml 2.0 M Al(CH3)3 in 

toluene was poured in to 50 ml H2O. A powder was formed and calcined at 900 ℃ to create α-

aluminia. The powder became uniform, co-continuous and macro pours because of the many 

bubbles that were created during the reaction in form of methane formation.[31] A high porosity 

coating is expected to be good when using it as a dendrite blocking coating on an electrode. 

The porosity will let the electrolyte through, and the ion conductivity will remain acceptable. 

The same approach as Li et al. made was predicted to work for forming an aluminia layer on 

the surface of copper. The reaction was thought to take place on the copper surface due coppers 

lower potential compered to water. 

The same method could not be applied for lithium substrates, because lithium has to be kept 

away from oxygen and even more importantly from water, to not corrode. Neither 

trimethylaluminium nor toluene consist of typically corroding substances such as water, oxygen 

or nitrogen. A corrosion should therefore not be possible without some other contribution. The 

problem is that oxygen at the same time is needed for the formation of aluminia. The prediction 

was that trimethylaluminium is more reactive with oxygen than lithium, and that the reaction 

would take place on the lithium surface due to its low potential if oxygen was added as a 

precursor. 

2.7.3 Aluminium 

Aluminium naturally forms a protective layer of aluminia when being in contact with oxygen. 

The oxidation of Aluminium could give a 0.5 to 4 nm thick amorphous aluminia layer. The 

thickness is mostly depending on the time the aluminium is exposed to oxygen.[32] 10 minutes 

exposure to oxygen gives the limiting aluminia thickness 32 Å, if done under normal  pressure 

and room temperature. The formation gets slower the thicker the layer gets. The limiting 

thickness after 3 months is 40 Å.[33] This information could be used to form an protective 

aluminia layer on lithium, but it is important that almost all the aluminium  reacts.   
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3 Experimental procedures  
 

3.1 Overview 

The thesis includes several ways to coat Al2O3 on lithium and/or copper. Figure 8 presents an 

overview of different approaches used in this work. The details of the preparation of type 1-3 

surface coating are explained in following sections. Two types of polymer composites called 

Type 1 and type 2 were done on lithium. Aluminia was also coated on lithium by attaching 

aluminia powder on the lithium surface by using acetonitrile, this method is called type 3. The 

last method used was based on a reaction between trimethylaluminium and oxygen, this method 

is called trimethylaluminium. 

The trimethylaluminium reaction was also used to coat copper, as well as a sol-gel method. All 

of these methods are explained in detail below.  

The main analysis of the coatings Type 1-3 was done by preparing symmetrical cells, where 

one of the electrodes consisted of coated lithium. The cells were the cycled at the same time as 

the coated electrode were observed in a microscope. This was done to observe the dendrite 

blocking ability of the coatings. 

Type 1 and 2 coatings were also used in non-symmetrical cells to see if the coatings affected 

the capacity stability. Type 1 coated lithium was also placed in air to see if the coating could 

protect against corrosion.  

The compounds used in the composites (type 1 and 2) were put together with lithium to visibly 

investigate if they reacted with each other (content evolution). 

Adiponitrile was tested as an electrolyte solvent to see if a protective in-situ SEI would be 

formed. Several types of analysis were used to investigate if the interaction between lithium 

and adiponitrile changed due to the concentration of salt in the electrolyte. The most basic 

analysis was made by observing lithium stored in adiponitrile with different salt concentrations 

to see how fast lithium corrodes. Cells where made to investigate how stable the cell potential 

was when using different salt concentrations. 

XPS analysis was made on various lithium pieces to investigate SEI composition. See figure 8 

for schematic illustration of what type of analysis that have been done for different types of 

coatings/SEI formations.   
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Figure 8. Schematic illustration of experiments and analysis that have been done under the theses.  

3.2 Materials  

Materials used to assembly pouch cells was a polymer coated aluminia foil from Skultuna 

Flexibla, copper foil from Goodfellow and aluminia foil from Korff. A Thermal bonding film 

was purchased from 3M and the Kapton tape from Kapton tape.com. Cover glasses, that was 

used to create a window in the pouch cell consisted of borosilicate glass, had a diameter of 

25 mm and was purchased from VWR. The separator materials glass fibre and Solupor were 

purchased from Whatman and Lydall® respectively. The thicker lithium foil, 125µm, came from 

Cyprus Foote Mineral and the 30 µm from Rocwood Lithium, both were kept under argon. The 

commercial electrolyte LP40 consisting of 1M LiPF6 in EC/DEC was produced by BASF. 

Poly(vinylidene fluoride-hexafluoropropylene (PVdF-HFP) with the product name kynar 

FLEX was purchased from Arkema, Super p. from Erachem and LiFePO4 (LPF) from 

Phostech. 

Chemicals used for composites was 2-2-Dimethoxy-2-phenyl-acetophenone, acetonitrile 

Poly(ethylene glycol) metyl ether acrylate (PEG-MA) containing 100ppm BHT and MEHQ,  

and Poly(ethylene glycol) dimethacrylate (PEG-DMA) containing 150ppm BHT and 250 ppm 

MEHQ all purchased from Sigma Aldrich®. Two different aluminia powders was used, the first 

was called aluminium oxide, puriss 98%. The second was called aluminium oxide activated, 

basic, brockman I and had a pore size of 58 Å, both were purchased from Sigma Aldrich®.  

Other chemicals that were used were; tin(II)chloride dihydrate purchased from Lancaster 

Synthesis, hydrochloric acid, 37%,  and aceton from VWR®, ethanol, 99,5%, from SOLVECO. 

Urea ACS reagent, adiponitrile, dimethyl carbonate (DMC) and 2.0 M trimethylaluminium 

(TMA) in toluene from Sigma Aldrich®. Purolyte Lithium trifluoromethanesulfenimide 

(LiTFSI) from Ferro and aluminium nitrate from CP Bakers Analysed. 

Equipment that were used were glove boxes from UNIlab mBrown, a microscope (Laborlux 12 

ME S) from Leitz, a video camera (F10 CCD) from Panasonic, an iron (sensixx cosmo secure) 

from Boch, a ball milling machine (PM 100) purchased from Retasch® and an UV-lamp (UV 

Lampa PRO 36W).  
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3.3 In-situ SEI 

3.3.1 Adiponitrile   

Four adiponitrile containing solutions were prepared, one with pure adiponitrile and the rest 

with 1 M, 2 M and 2.47 M of LiTFSI. The LiTFSI was dried at 120 ℃ for 12 hours before usage.  

Each solution was kept in a snap viol together with lithium to visibly observe the interaction 

between the solution and the lithium. The lithium pieces were prepared for  XPS analysis by 

drying them under vacuum after they had been in the 0 M, 1 M, 2 M, and 2.47 M solutions for 

7, 19, 19 and 26 days respectively. Other lithium pieces being in 0 M and 1 M were washed 

with DMC to remove the salt from the surface before drying them for XPS. 

The 1 M and 2.47 M solutions were also used as electrolytes in symmetric pouch cells made of 

30 µm thick and 13 mm Ø lithium foils as electrodes, a glass-fibre separator filled with 200 µl 

electrolyte and copper foil as current collectors.   

These cells were cycled with a current of -20 µA for 10 h, and then cycled for 100 cycles with 

±20 µA and 1h at each current.      

Two Li-Li cells, one with 1 M and one with 2.47 M LiTFSI were made with Solupor as separator 

and 150 µl electrolyte. These cells were specially designed for ESCA/XPS analysis. Glass-fibre 

separators would influence XPS results as its traces remain on the surface of the electrodes.  

The Solupor cells, were cycled without the long initiating step used in the earlier explained 

cells, i.e. with ±20 µA, starting with the negative current, 1 h at each step for 25 cycles. The 

electrodes where dried in vacuum before the XPS analysis. The data were normalised using the 

area of the carbon peak for each sample.   

  

3.4 Ex-situ formed coatings  

3.4.1. Type 1 

Plymer-Al2O3 coatings were made by mixing 30, 40, 50 and 75wt% Al2O3, with 1wt% 2-2-

Dimetyl-2-phenyl-acetophenone, 2wt% PEG-DMA and Xwt% PEG-MA, were X stands for the 

remaining weight percentages. The aluminia had the purpose of blocking the dendrites, the 

PEG-MA to form a polymer that held the aluminia together and PEG-DMA and 2-2-Dimetyl-

2-phenyl-acetophenone to increase the polymerisation. The mixture was diluted with 

acetonitrile to get a less viscose solute. The solution was mixed for at least 40 minutes with a 

magnetic stirrer (300 rpm) and then coated on lithium by dipping or pipetting the solution on 

to lithium.  

Before the synthesis, PEG-MA and PEG-DMA were filtered through activated aluminium 

oxide in order to remove inhibitors. They were also purged from water and oxygen by bubbling 

argon through them. The liquids were then entered to a glovebox, where the rest of the synthesis 

was made. 

The dip coating was made by dipping the edge of a 125 µm think and 3 or 5 mm wide lithium 

foil in to the solutions. The coated lithium was then left it in UV-light for at least 40 min for 

polymerization. A big problem with this method was that the solution, especially the aluminia 

powder, did not cover the edge so well, probably due to surface tension. One way to solve this 

problem was to first dip the lithium piece in the same way as before, leave it in UV-light for at 

least 5 minutes, dip it again and leave it for at least 40 minutes more in the UV-light.  



Master thesis: Towards Stable Li-metal electrode for rechargeable batteries, | Julia Morát 

 

16 

 

Another way to coat the lithium was to use an air displacement micropipette with a very small 

pipette tip. First a small amount of the solution was dripped on to the lithium and then smeared 

out with the tip to try to get a thin and even layer. One benefit with this method compared to 

the other was that the solution composition became more accurate even when most of the 

aluminia was precipitated on the bottom of the viol. Unfortunately, the edges were still 

repulsing the solution and the lithium got damaged by the pipette tip during the smearing. The 

same technique was also used to completely cover one side of a lithium foil piece that had a 

thickness of 30 µm and a diameter of 13 mm. The coated lithium pieces were placed in UV-

light for at least 40 minutes. All the coatings got a more or less yellow colour.  

The aluminia powder was treated differently during the experiment. The first batches were 

prepared with ground Al2O3 powder, later batches were prepared by using activated aluminia 

powder with smaller particle size then the one used before. The last batches were heat treated 

for at least 5 hours in 120 ℃. No big differences could be seen between the different 
treatments. 

3.4.2 Type 2 

The acetonitrile and 2-2-Dimetyl-2-phenyl-acetophenone used in type 1 composition were 

excluded due to the content evolution (see section 4.2.1.1 Content evolution). The activated 

aluminia powder was ball milled at 600 rpm for 5 hours with 2 minutes intervals, 20 minutes 

paus and change of direction for every interval. The sizes of the balls were mixed to maximise 

the result and get as small particles as possible.  

The composition of the composite was: 30W% Al2O3 2W% PEG-DMA and 68W% PEG-MA. 

The solution was dripped on to lithium foils with a diameter of 13 mm and a thickness of the 

lithium was 30 µm. The dripp-coating was made without smearing, which made the film thicker 

because more solution was needed to get the solution distributed over the whole surface.   

3.4.3 Type 3 

The edge of lithium pieces with a thickness of 125µm and a width of 3 mm were placed in a 

solution containing Al2O3 and acetonitrile. Gas evolution was seen on the surface of the lithium, 

and the aluminia powder seemed to become attached to the gas and the lithium surface. The 

powder coated lithium was taken up from the solution to dry.   

3.4.4 Analysis of type 1-3 

3.4.4.1 Air stability 

Uncoated and fully type 1 coated lithium were placed in air while the corrosion was observed.  

3.4.4.2 Content evolution 

All the components in the composites were separately put together with lithium to observe 

corrosion and other visible reactions. Al2O3 and 2-2-Dimetyl-2-phenyl-acetophenone was 

diluted in acetonitrile. 

3.4.4.3 In-situ optical microscopy 

Pouch cells with a window for in-situ microscopy were made of a polymer coated Al-foil. A 

hole was made in the foil by using a 13mm ø hole-punch. A 25 mm ø cover glass was glued on 

to the polymer coated Al-foil by using a thermal bonding film and ironing it together with a 

temperature between 150 and 200 ℃ for about 10 seconds. The current collectors were made 
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by copper foil. One side of the pouch cell were sealed by using the same thermal bonding film 

as for the fixation the cover glass.  The two current collectors were placed in between the 

thermal bonding film before the sealing. (see Figure 9)    

The anode and the cathode were placed next to each other with a separator, which was about 2-

3 mm wide, between them. The placing of the electrodes and separator was for most cells done 

on the sticky side of Kapton tape to easier manage to get a good contact without too much 

overlap. This module was then placed in the pouch cell so that the current collectors were kept 

in contact with the electrodes, and could be seen through the window. The final sealing was 

done by a vacuum sealer with a pressure of 30 mbar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Schematic picture of a window cell. The polymer coated aluminium was folded at the dashed line, and all the 

open edges were sealed with a heater. The last sealing was done under a vacuum of 30 mbar.  

The anode and cathode were either uncoated or type 1, 2 or 3 edge-coated lithium pieces with 

the widths of 5 or 3 mm, and a thickness of 125 µm. The electrolyte LP40 was poured on the 

separator with an adjustable pipette. Most of the cells had an electrolyte amount of 20 µl, except 

for three that only contained 10 µl. 

The experimental setup of in situ observations with microscope at the same time as plating and 

striping can be seen in Figure 10. 
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Figure 10. Experimental setup. The figures shows a microscope and a window cell during operando plating and striping 

 All the cells exept for two were cycled with a negative current of -3 µA until the potential 

reached potential of -0.5 V. One of the special cycled cells was first cycled with a current of -

24 µA which caused the potential to drop to -0.5 V at one of the cells, it was then cycled as the 

other ones for the rest of the time. The second cell that was cell that was cycled in a special way 

was cycled with a current of -3 µA for the first 3 h and 40 min, and with a current of -24 µA 

for the remaining time. This was done to investigate of the current dependence of the dendrite 

growth. 

Photos were periodically taken through the microsope during the cycling. The lengths of the 

observed dendrites were calculated from these pictures. 

3.4.4.4 Electrochemical, capacity  

Three cells were made as pouch cell of the same type as the window cells, but without the 

window and with the electrodes and separator placed as a sandwich instead of next to each 

other. These were made to investigate the difference in capacity stability for uncoated, type 1 

(40wt% Al2O3) and type 2 (50wt% Al2O3) coated lithium which acted as the anode. The cathode 

consisted of LFP made by; 75% LFP (LiFePO4) 10% Super p. and 15% PVdF-HFP 

(Poly(vinylidene fluoride-hexafluoropropylene)) on Al-foil. All the electrodes were punched to 

a circular shape with a diameter of 13 mm, 

The current collector connected to the anode was made of copper foil while the current collector 

connected to the cathode was made of aluminium. The separator was made of glass fibre and 

the electrolyte was LP40. 

The cells were cycled with a current of ±91 µA for the first 48 cycles and ±182 µA for the rest.  

3.4.5 Solgel method 

5.73 g of aluminium nitrate was dissolved in 50 ml deionized water and stirred for 5 minutes.  

Two pieces of copper were kept in to the solvent. A mixture of 0.95 g urea and 50 ml deionized 

water was added to the solution.[30] The aluminium nitrate and urea should react to form 
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aluminia on the copper pieces.  The solution was stirred with a magnetic stirrer and put in a 

paraffin bath with a temperature of 70 ℃ to evaporate the water. The solution was left like this 

for three days. 

3.4.6 Trimethylaluminium method  

Copper 

1. Pieces of copper were put in to 50 ml deionized water, 2 ml 2.0 M trimethylaluminium 

in toluene was added.[31] The reaction between the water and the trimethylaluminium 

was immediate and a white power was formed on the surface of the water.    

2. Small droplets of deionized water were placed on the surface of a dry copper foil. Some 

trimethylaluminium was dripped on to the copper and the water droplets. The reaction 

with water was immediate and a loose white powder was formed in the water droplets 

which rolled off from the foil during the reaction.  

3. Trimethylaluminium were poured on dry copper foil until the copper was completely 

covered by the liquid. A small amount of white smoke could be seen, but no immediate 

powder formation. One day later the copper pieces were covered in white powder. Most 

of the powder was loose, but the layer closest to the surface seemed to be stuck.     

Lithium 

5 ml trimethylaluminium were poured in to a jar that had valves for gas out- and inlet mounted 

on the lid. Several pieces of lithium were placed in the jar, some in contact with the 

trimethylaluminium, and some hanging above the liquid. The preparation was done in an argon 

filled glovebox. The closed jar was taken out from the glovebox to introduce oxygen through 

the gas inlet. The black colour that is characteristic for corroded lithium could unfortunately be 

spotted on the lithium pieces before exiting the jar from the glovebox. Especially black were 

the ones that were in direct contact with the trimethylaluminium.    

The oxygen hose was flushed with oxygen for some times to clean it before usage. A thick 

white cloud was formed instantly when a small amount of oxygen was let in to the jar, this 

white smoke faded away slowly. The lithium pieces were at this point totally black and crumple.    

3.4.7 Analysis of the solgel method and the trimethylaluminium method 

No extra analysis were done for these methods. 
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4 Results & discussion 

4.1 In-situ SEI 

In this thesis, influence of lithium salt concentration on the in-situ formation of SEI was studied 

using different concentration of LiTFSI salt dissolved in adiponitrile solvent.  

4.1.1 Adiponitrile 

4.1.1.1 Solution stability and electrochemical potential 

Results 

Lithium metal is very unstable in acetonitrile, however, the stability of lithium in adiponitrile 

is considerably better. Yet a small colour change can be seen after a longer reaction time 

between lithium and pure adiponitrile (see Figure 11). However the solutions containing higher 

amount of LiTFSI salt did not change colour.  

 
Figure 11. Stability test of lithium in contact with adiponitrile with different concentrations of LiTFSI. The 

concentrations seen are: 2,47M; 2M; 1M; 0M and 0M form left to right. The lithium had stayed it the solution for: 25,  

18, 18, 7 and 13 days respectively. The colours in the picture is retouched, but whole picture are retouched in the same 

way.  

 

Cells containing 2.47 M LiTFSI in the adiponitrile based electrolyte showed more stable 

potential during cycling than cells only containing 1 M LiTFSI. The cycling data from these 

cells can be seen in Figure 12 and 13, where the cells had separators consisting of either glass 

fibre or Solupor respectively. The cells with high concentration electrolyte seen in Figure 12 

remained stable for about 20 cycles, while the potential for the low concentration electrolytes 

started to increase already after about 10 cycles. These symmetrical Li-Li cells were 

galvanostatically cycled using a current of 20 µA. The increase in the overpotential has different 

shapes; concave upwards and quite abrupt for the low concertation cells, while the shape is 

more convex for the high concentration cells. More spikes, i.e. sudden raise and decrease in 

potential, can be seen for the high concentration samples.   
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Figure 12. The four cells were cycled with a current of ±20 µA, initially with a negative current for 10 h and then 

alternating every hour. The green (►) and the red (♦) curve had an electrolyte containing 1 M LiTFSI in adiponitrile, 

while the dark (●) and light blue (→) had a higher concentration, namely 2.47 M. All the cells had glass fibre as 

separator.  

The results when using Solupur as a separator is pointing in the same direction as when using 

glass fibre separator, i.e. the potential increase begins earlier for 1 M than for 2.47 M. Two 

differences compered to glass fibre cells are that the potential for the first cycles is much higher 

and the increase in potential starts after much fewer cycles. The cycling did not start with 10 

hours negative current as it did for the glass fibre cells, so this could have had an effect on the 

number of cycles before the potential increase (see Figure 13). 

 

Figure 13. Two Li-Li symmetrical cells with a Solupor separator were cycled with ±20µA, alternating every hour for 25 

cycles. The red (►) curve had an electrolyte of 1M LiTFSI in adiponitrile while the light blue (●) had an LiTFSI 

concentration of 2.47M 

Observations of the electrodes and Solupor separators after cycling the cells showed a big 

difference between the high/low concentration cells.  The separator from the 2.47 M cell looked 

fine, only a feeble indication of yellow could be seen at the place of the electrodes and the 
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lithium foil had changed very little during cycling. The lithium foil from the 1 M cell had 

become so thin that it was impossible to remove from the separator in one piece and most of 

the Solupor had become yellow (see Figure 14).  

 

Figure 14. The pictures show the separator and lithium electrodes after cycling and disassembling of the cell. The 

colours in the pictures are retouched to show more correct colours,  although the separator for 1 M was much more 

yellow than could be seen in the picture.  

Discussion 

The better stability seen for lithium metal samples used in the high concentration electrolytes 

compared to the stability in the low concentration electrolytes is most likely due to the 

formation of a stable SEI by decomposition of LiTFSI and adiponitrile. The layer protects 

lithium from further decomposition and probably blocks neutral substances to pass. This hinder 

SEI precursors to reach each other and leads to a stable SEI thickness. A non-stable SEI would 

also dry out the separator, because more and more electrolyte would be used to form SEI. The 

increase in overpotential indicates that some of these things were happening for both 

concentrations during cycling, however much faster for the low concentration samples.   

There was a substantial decrease in thickness of the lithium foil in the 1 M cells. The lithium 

had probably reacted with adiponitrile and formed the yellow compound that is seen at the 

separator, (see Figure 14). The same yellow colour is seen when lithium is kept in pure 

adiponitrile or acetonitrile for a while, see Figure 11 and 18 respectively. Adiponitrile and 

acetonitrile are similar compounds, so the yellow compound formed during the adiponitrile-

lithium interaction is probably the same as described in articles about the acetonitrile-lithium 

interaction, i.e. cyanide.[24]  

The spikes seen in Figure 12 could be incurred because of worse ion conductivity in the high 

concentration samples, due to higher viscosity, but they could also have been formed because 

of external factors, as bad connection. The shape difference of the curves for the low/high 

concentrations can indicate that the mechanism for the overpotential could be different.   

4.1.1.2 Air stability 

Results 

Some of the samples that were prepared for ESCA/XPS were exposed to air after the 

measurements. Lithium pieces that had been in a 1 M LiTFSI in adiponitrile for a week became 

black much faster than lithium pieces that were untreated or that had been in pure adiponitrile 
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for a week (see Figure 15). The untreated thin lithium foil became black faster than the thick 

one. 

 

Figure 15. Air stability test, i.e. lithium foils treated in different ways were kept in air. A) 30 µm thick lithium foil. B) 

Lithium foil stored in 1 M LiTFSI in adiponitrile for one week and then washed with DMC. C) The foil has been treated 

the same way as B except that it was not washed. D) 0 M unwashed. E) 0 M washed F) 125 µm lithium foil, un-treated. 

Discussion  

The air experiment shows that the putatively good SEI that is formed makes the lithium to 

corrode faster. The non-washed sample reacted with air, forming a black layer even faster than 

the washed one. This indicates that the salt on the surface increases the corrosion speed.  

4.1.1.3 XPS 

Results 

The XPS results seen in Figure 16 shows that lithium pieces stored in 1, 2 and 2.47 M solutions 

had a very similar surface composition, although small changes that follows the concentrations 

could be seen, i.e. the signal for the 2 M sample was always between the 1 and 2.47 M samples. 

The oxygen and lithium peeks are shifted to higher energies compered to lithium from cycled 

cells, pristine lithium and lithium that has been stored in pure adiponitrile (see Figure 16). 

The cycled cell with 2.47 M electrolyte show stronger peaks for nitrogen, fluorine, sulphur and 

oxygen than the cell with 1 M electrolyte. The peaks for carbon and lithium was almost the 

same except around 294 eV where the high concentration sample gave a stronger peak. 

The sample from the high concentration cell actually has a higher lithium peek and a lower 285 

carbon peek, exactly as when comparing washed and unwashed samples.  
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Figure 16. XPS spectra of lithium pieces after contact with adiponitrile. From bottom to top; Pink: blank lithium piece 

125 µm thick. Yellow: lithium metal dipped in pure adiponitrile for 1 week. Blue: dipped in 2.47 M LiTFSI in 

adiponitrile for 26 days. Green: dipped in 2 M LiTFSI in adiponitrile for 19 days. Red: dipped in 1 M LiTFSI in 

adiponitrile for 19 days. Purple: 30 µm thick lithium piece used as an electrode in a cell cycled 25 times with an 

alternating current of ±20µA, the electrolyte consisted of 1 M LiTFSI in adiponitrile. Grey: the same as the purple but 

with an electrolyte consisting of 2.24 M LiTFSI. None of the lithium pieces was washed.  

None of the lithium pieces that resulted in the data seen in Figure 16 were washed. Figure 17 

shows XPS spectra from both washed and non-washed lithium pieces stored in electrolyte of 0 

and 1 M for one week. This helps to determine how big effect pure salt just lying on the surface 

could have on the results seen in Figure 16. The washed lithium that had been in contact with 

1 M LiTFSI had much lower peeks for nitrogen, flour, sulphur and oxygen. The same goes for 

the carbon peak around 294 eV. The other carbon peeks are actually higher for the washed 
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sample. More or less the same differences are seen for the 0 M samples even though it should 

not contain any flour, sulphur nor oxygen.  

 
Figure 17. XPS core level spectra of lithium pieces after contact with adiponitrile. The green and red curves are from 

samples washed with DMC, while the blue and grey are from unwashed samples. 

Discussion 

The shift of the lithium and oxygen peak for the 1, 2 and 2.47 M samples seen in the XPS results 

could indicate that a SEI layer has been formed. The reason for the cycled cells to not show a 

shift even though the salt concentration was the same could be that the supposed SEI was 

cracked during the cycling of the cells. 

The differences between the two cycled cells indicate that the formed SEI is different for the 

two cells. The peek around 286.9 eV could indicate CH3CN which would come from the 

adiponitrile.  

Further studies for using adiponitrile as an electrolyte would be to make more cells to get better 

statistics. It could also be good to make cells with pure adiponitrile, leave them in a glovebox 

for a while and then open them to see if the electrolyte had dried out. A deeper analysis of the 
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XPS results would also be good to get a better picture of composition of SEI in adiponitrile 

electrolytes.    

4.2 Ex-situ formed coating 

In this thesis, aluminia containing coatings were made on lithium and copper in several different 

ways, and the coatings influence on dendrites formations was studied. 

4.2.1 Coating type 1-3  

Coatings made by using aluminia powder. 

4.2.1.1 Content evolution  

Results  

The interaction between acetonitrile and lithium resulted in a gas evolution on the lithium 

surface. The bubbles could be seen already after about a minute. Three days later the lithium 

was completely dissolved, and the colourless acetonitrile had become yellow. The solution 

containing 2-2-dimetoxy-2-phenyl-acetophenone and acetonitrile did, besides the gas evolution 

due to the acetonitrile-lithium interaction, initially become completely red. In the solution 

containing aluminia powder and acetonitrile, could initially be seen that the powder was 

attracted to the above mentioned gas formation and therefore formed a coating on the lithium. 

After three days the lithium was dissolved and both solutions had become yellow, i.e. the same 

as for pure acetonitrile. The PEG-DMA and PEG-MA did not have any initial visible reactions 

with lithium. After three days had the PEG-MA polymerised and a grey metal colour had 

merged into the polymer. The lithium in PEG-DMA had become black on the edges (see Figure 

18). 

 

Figure 18. The visible view of lithium after three days in different solvents.  A lithium in acetonitrile. B lithium in a 

mixture of active Al2O3 and acetonitrile. C lithium in a mixture of 2-2-Dimetyl-2-phenyl-acetophenone and acetonitrile. 

D lithium in PEG-DMA. E lithium in PEG-MA. 

Discussion 

The yellow colour and dissolution of lithium that is seen after the interaction between lithium 

and acetonitrile is probably due to formation of cyanide (CN-).[24] Acetonitrile should therefore 

not be used during the preparation of coatings on lithium. The evolving gas that was seen during 

the same reaction was probably methane. The reaction does, probably make the lithium surface 

rough, which as discussed later might lead to an increase of dendrite initiation points.  

The initial red colour seen in the interaction with 2-2-dimetoxy-2-phenyl-acetophenone could 

be some type of SEI formation.  

The darker parts on the lithium after interaction with PEG-MA and PEG-DMA indicates an 

increased corrosion rate which could be due to not completely anhydrous solvents. 
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4.2.1.2 Air stability and the composites  

Results  

Both composite 1 and 2 were held together relatively good, but became more brittle when higher 

amount of Al2O3 powder was included. The coating ways: drip coating with a pipette, dip 

coating, “doctor blade coating” with a pipette tip and spray coating gave various results. The 

spray was not powerful enough for the viscose solution. The “doctor blade method” was too 

rough for the lithium foil. The dip coating provided a thinner coating than the drip coating. The 

coatings done by the type 2 composite looked tremendously better because of the ball milling 

of the Aluminia. The powder did not sediment in the solution directly when taking it off from 

the magnetic stirrer. This coating also stayed better on the lithium edges. 

The type 2 composite was affected by the electrolyte. The coating loosened from both lithium 

and copper and was crumbled together when getting in contact with the electrolyte. The type 1 

composite did most of the times obtain a yellow tint when coated on to lithium. Initially also a 

red colour could be seen, that disappeared quite fast. No colour changes were seen for the type 

2 composite. 

Type 1 coated lithium pieces with an aluminia content of 30wt% that were exposed to air at the 

same time as uncoated lithium corroded faster than the uncoated ones (see Figure 19).   

 

Figure 19. Air exposure experiment. The two upper lithium pieces are uncoated, the two lower one are coated by a type 

1 composite containing 30% Al2O3. The picture is taken 8 minutes after the pieces were exposed to air.  

Discussion 

Applying a thin and even coating without physically abuse the lithium foil was difficult. A 

better coating could probably be achieved with a more powerful spray setup. It is important that 

the aluminia particles are small to be able to form a good coating. 

The loosening of type 2 coating when in contact with the electrolyte could be caused by the 

driving force of ions in the electrolytes to reach the electrode. The fastest migration was 

probably around the coating and not through it. This could point towards that the ion 

transportation through the coating was poor. The crumbling of the coating could indicate a high 

surface tension between the coating and the electrolyte.  

There could be many reasons for a higher corrosion rate for type 1 coated lithium compered to 

non-coated lithium. The aluminia powder has a large surface area that absorbs water and 

therefore can increases the corrosion rate. Lithium pieces started to get a darker colour only 

from laying in PEG-DMA and PEG-MA in a glovebox. These compounds could therefore also 

be part of the increased corrosion. The lithium pieces were physically abused when applying 

the coating which destroyed the protective layer.  
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4.2.1.3 in-situ microscopy for type 2-1 coating 

Results 

It can be seen from Table 1 that the dendrite growth rate of most of the non-coated samples is 

around 9.1 µm/h for the longest dendrites, while the growth rate for type 1 coated samples is 

around 4.3 µm/h for the longest dendrites.  

In Table 1 can the growth rate calculated from the length of the dendrites after the cell potential 

had reached -0.5 V  be seen. Furthermore can also the length of dendrites after 20 hours can be 

seen. This column is added to investigate the time dependence, i.e. if the dendrite formation 

rate would change after a certain time due to SEI formation, or if it grows faster in the 

beginning. The different growth rates between coated and non-coated samples are not as clear 

for the 20 hours check point as compared to the growth rate calculated from the end time. One 

reason for this difference could be that only a part of the electrode edge was seen in the camera 

during the driving of the cells. Sometimes, no or only very small dendrites were present in the 

visible area, even though larger dendrites existed outside the focus of the microscope. This was 

especially pronounced for the uncoated samples that had larger but fewer dendrites, which can 

be seen in Figure 20 and 22.   

 

Table 1: All cells except for JM31 and JM32 were cycled with a negative current of -3 µA. JM32 was first cycled with 

a current of -24 µA which caused the potential to drop to -0,5 V at ones. Then it was cycled as the other ones for the 

rest of the time. JM31 was cycled with a current of -3 µA for the first 3 h and 40 min, the rest was cycled under a 

current of -24 µA. All electrodes except for JM20 and JM23 were placed on the sticky side of the Kapton tape. JM20, 

JM35 and JM37 had an electrolyte amount of 10 µl, the rest contained 20 µl.  

Dendrite growth -3µA 

 coating Longest 
dendrite 
[µm/h] 

dendrite 
2 [µm/h] 

electrolyte 
[µl] 

Time till  
-0,5V [h] 

Dendrite 1 
length at 

20 h [mm] 

Dendrite 2 
length at 

20 h [mm] 

JM20 No 33,6 16,9 10 24 and on 0,69 0,088 

JM33 No 9,4 0 20 47 0 0 

JM35 No 9,1 2,2 10 20 0,20 0,051 

JM54 No 8,7 4,7 20 52 and on 0,16 0 

JM37 30%, type1 4,5 4,5 10 51 0,18 0,10 

JM23 50%, type1 4 3,1 20 54 0,19 0,067 

JM27 75%, type1 3,9 3,4 20 44 0,15 0,074 

JM52 type3 4,5 3,6 20 69 0,052 0,052 

JM53 type3 4,4 2,3 20 100 and on 0,16 0,099 

JM80 
50% type2 36,4 22,4 20 15 - - 

JM81 50% type2 11,4 4,88 20 130 0,372 0,164 

Cycled with partly higher current 

JM31 30%, type1 0,28 0 20 48 - - 

JM32 30%, type1 0,26 0,16 20 140 and on - - 

 

Dendrites formed in cells with non-coated electrodes grew more rapidly in length than in cells 

with type 1 coating, but the amount of dendrites were fewer in the non-coated cells. Dendrites 
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at coated lithium grew with a morphology that can be likened to a more or less even lawn, while 

dendrites from non-coated lithium grows more like outspread trees 

 

 

Figure 20. Microscope pictures of non-coated lithium in window cells. The “Start” column shows how the lithium 

electrode looks before applying an external current. The second column “20 hours” shows how the same place of the 

lithium electrode looks after 19-20 hours with a current of -3 µA. The third column shows the same spot after the 

potential reached -0.5 V. The fourth and last column shows another spot on the lithium electrode after reaching -0,5 V. 

The different rows shows four different cells without coating. JM20 was not placed on Kapton tape. 

The coatings done by type 1 composites became very uneven on the edges, this was clearly 

seen in the microscope. Cells often dropped in potential when the separator dried up. In most 

cells did the drying seemed to be more rapid for the area exposed to the sticky side of the Kapton 

tape but that rule did not apply for all the cells.  
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Figure 21. Microscope pictures of type 1 coated lithium in window cells. The “Start” column shows how the lithium 

electrode looks before adding an external current. The second column “20 hours” shows how the same place of the 

lithium electrode looks after 19-20 hours with a current of -3 µA. The third column shows the same spot after the 

potential reached -0.5 V. JM37, JM23 and JM27 were coated with a composite containing 30%, 50% and 75% Al2O3 

respectively.  

Some of the type 1 coatings, for example JM37, had more or less no coating on the edge, but 

still gave a lower growth rate for the longest dendrite than for the non-coated samples (see 

Figure 21). 

The two type 1 coated cells that were partly cycled with a current of -24 µA can be seen in 

Figure 22. Both of the cells had a very low dendritic growth rate. 

 

Figure 22 Microscope pictures of type 1 coated lithium in window cells cycled in a different way. The “Start” column 

shows how the lithium electrode looks before applying an external current. The second column “20 hours” shows how 

the same place of the lithium electrode looks after 19-20 hours. The third column shows the same spot after the potential 

reached -0,5 V. The fourth and last column shows another spot on the lithium electrode after reaching -0.5 V. Both 

JM31 and JM32 cells were coated with a type 1 composite containing 30% Al2O3. JM31 was cycled with a current of -
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3 µA for 4 h and then -24 µA for the rest of the time. JM32 was cycled with a current of -24 µA until it reached a voltage 

of -0,5 V, which took less than a second. After this the cell was cycled with a current of -3 µA as the others.   

  

Coatings done by type 2 composites covered the edge quite well, but were also thicker than 

type 1 coatings. Dendrite formations could be seen already 30 minutes after assembling the cell 

and before applying a current. The growing rate of the dendrites was in general faster than for 

both non-coated and type 1 coated samples. The shape of the dendrites were more similar to the 

non-coated samples likened with separate trees than to type 1 coatings, with dendrites as an 

even lawn (see Figure 23). 

 

Figure 23. Microscope pictures of type 2 coated lithium in window cells. The “Start” column shows how the lithium 

electrode looks before applying an external current. The second column “20 hours” shows how the same place of the 

lithium electrode looks after 19-20 hours with a current of -3 µA. The third column shows the same spot after the 

potential reached -0,5 V. Both JM80 and JM81 were coated with a type 2 composite containing 50% Al2O3. 

Also in type 1 coated cells did dendrites grew without applying an external current, the dendrites 

could only be seen on the electrode that was coated and not the uncoated electrodes. In cells 

where both electrodes were uncoated no dendrites could be seen (see Figure 24). 

+ 

Figure 24. Microscope pictures of non-cycled cells.  A, C and E are coated with a type 1 composite with 30% Al2O3, A 

and B are from the same cell but B is from the uncoated electrode in the cell. D is the uncoated electrode to C. F is from 

a cell where both the electrodes were uncoated. A-D is taken 7 days after assembling the cell. E is taken about 15 minutes 

after assembling. F was taken 10 days after the cells assembly. All cells contained 10 µl LP40 as electrolyte. 
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Discussion 

The morphology with shorter but more evenly distributed dendrites that were formed at type 1 

coated samples probably makes lithium batteries with this type of coating less likely to die or 

explode due to short circuit than batteries with non-coated lithium. The total dendrite mass is 

larger for type 1 coated lithium than for non-coated Type 1 coated electrodes will therefore 

probably lead to a greater capacity drop when the battery is cycled. The different morphology 

is probably caused by the interaction of acetonitrile and lithium. The reaction between the two 

substances forms bubbles that could be seen when dipping a piece of lithium in pure acetonitrile. 

The gas evolving reaction might have created tightly laying cavities that gives a fine roughness. 

The rough surface morphology might lead to dense dendrites because of an increase of initiation 

points and uneven SEI. The SEI could, except for the roughness, also be affected by the 

substance interaction itself, which gives differences in for example ion migration. The fact that 

there are so many dendrites makes them grow slower in length while the current that contributes 

to the dendrite formation is distributed over a larger area. The theory that acetonitrile is affecting 

the morphology fits with the very different morphology seen for dendrites from lithium with 

type 2 coatings that did not include any acetonitrile.   

The coatings are uneven and should in theory therefore make the dendrites begin to grow earlier 

and faster. This theory is based on the rule that free ions in the electrolyte that are part of the 

redox reactions will take the shortest and easiest path, i.e. the path with highest ion migration, 

to reach the electrode. Most types of thick coatings are more or less uneven and would change 

the conditions for ion transportation and make the transportation irregular. This is one 

explanation to the long dendrites formed in cells containing type 2 coatings. 

The Kapton tape that is used in most window-cells are made of a HN polyimide film with 

silicone adhesive. The tape has good thermal, electrical, chemical and mechanical properties 

and therefore bears extreme environments.[34] However, the tape can decompose at high 

temperatures (450 ℃) and by high voltages, it can also absorb water from moisture, which 

brakes the polymers. Heating can give full recovery from the water impact.[35] This tape could 

definitely have affected the dendrite formation, but it was used for both coated and non-coated 

samples, and did therefore most probably not affect the differences seen between coated and 

non-coated cells.  

One reason for coated lithium to grow dendrites even when no current is applied could be that 

lithium interacts with the coating and makes the dendrites grow that way. Another more 

unlikely reason could be that a closed circuit were formed throw something else than the current 

collectors, maybe via the polymer coated aluminium. A current could in this case be formed 

due to the potential difference between the coated and uncoated lithium. 

Further investigations that could be interesting to do for coated versus uncoated cells are for 

example scanning electron microscopy (SEM) pictures of type 1 coated lithium to see if the 

surface had become rough due to the lithium-acetonitrile interactions as predicted. Coatings 

containing 2-2-Dimetyl-2-phenyl-acetophenone but not acetonitrile should preferably also be 

made. This investigation could determine that the differences seen between type 1 and type 2 

coating is not because of 2-2-Dimetyl-2-phenyl-acetophenone interaction. 

Heating can, as earlier reported, have an effect on dendrite formation. An investigation of the 

effect of a pristine lithium electrode exposed to UV-light should therefore be done. This would 

make it possible to take the UV-light effect into account when comparing coated and non-coated 

samples.  
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4.2.1.4 in-situ microscopy for type 3 coating  

Results  

The coating procedure done by the Acetonitrile, Al2O3-powder and lithium reaction was facial, 

and by the naked eye the edge seemed to be covered quite well. A look through a microscope 

showed that the coating had a quite special and uneven morphology. The shape of the coating 

looked like spherical grains. The spacing between the grains made the lithium exposed to the 

electrolyte (see Figure 25). For table about the growth rate, see table 1 page 29.  

  

Figure 25. Microscope pictures of Type 3 coated lithium in window cells. The “Start” column shows how the lithium 

electrode looks before applying an external current. The second column “20 hours” shows how the same place of the 

lithium electrode looks after 19-20 hours with a current of -3 µA. The third column shows the same spot after the 

potential reached -0.5 V. The fourth and last column shows another spot on the lithium electrode after reaching -0,5 V. 

Discussion 

The coating provided a similar dendrite growth rate and morphology as dendrites formed in 

type 1 coated cells. This implies that the idea about adiponitrile involvement in how dendrite 

grows could be accurate (See section 4.2.1.3 in-situ microscopy for type 2-1 coating, 

Discussion). A more even coating could possibly be done with Al2O3 powder consisting of 

smaller particles.   

 

4.2.1.5 Electrochemical, capacity 

Results  

The capacity drop was 9.3 times higher (0.056 mAh) for the cell with type 1 coated lithium than 

for the non-coated (0.006 mAh) during the first 35 cycles when the current was ±91 µA. The 

drop between cycle number 60 and 95, was 0.026 and 0.012 mAh for the type 1 coated and non-

coated, respectively, these cycles had an applied current of ±182 µA. The capacity drop 

between cycle number 60 and 95 was therefore only 2.2 times higher for the cell containing 

type 1 coated lithium. (see Figure 27 A and B).   
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The capacity drop for the cell with type 2 coated lithium was 0.007 mAh for the first 35 cycles. 

This results in a 1.2 times higher drop than for the uncoated cell and much less than for the type 

1 coated cell (see Figure 27 C). 

Discussion 

The capacity loss could be due to dendrite formation which leads to dead lithium but it could 

also be due a continuously increase of SEI thickness. The large drop for the type 1 coated 

sample is most likely due to both more dead lithium and a thicker SEI. The capacity behaviour 

of the type 2 coated sample is more similar to uncoated samples than to type 1 coated. This is 

probably due to dendritic morphology differences, see discussion for in-situ microscopy.  

The capacity drop for type 2 coatings, could maybe be reduced using the coating as a membrane 

that is placed a bit away from the lithium, maybe by putting an extra glass fibre sheet in between 

the membrane and lithium. This would probably make the ions reaching the lithium more 

evenly distributed over the whole surface. 

 

Figure 26. Cycling of LFP-Li cells with a current of ±91 µA for the first 48 cycles and ±182 µA for the rest. A The lithium 

is coated with a type 1 composite with 40wt% Al2O3. B is uncoated and C is coated with a type 2 composite with 50wt% 

Al2O3. 

A. 

B. C. C. 
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4.2.2 Solgel method 

Results  

After three days of heating the mixture of aluminium nitrate, urea, water and copper foil had 

and a turquoise-blue paste formed and some of the copper was dissolved.  The water was 

evaporated by the heating and had become a gel. The copper was not affected by the solution 

until most of the water was evaporated. After this the copper started to dissolve, and the typical 

turquoise colour for Cu2+ complexes could be seen in the gel. The experiment was stopped and 

no further investigations was made. 

Discussion 

The copper was most likely dissolved because of the urea. Urea forms ammonium and the by-

product biuret when heated. Biuret forms a chelate, complex with Cu2+,[36] also ammonia can 

form a copper complex, [Cu(NH3)4]
2+, both give a strong blue colour.[37] Also a water complex 

with Cu2+ gives this colour, but would most likely not be formed by itself.  

4.2.3 Trimethylaluminium method 

Results  

A white powder was immediately formed in the contact between trimethylaluminium(TMA) 

and water, so no aluminia was attached to the copper when using a water solution. The reaction 

was much slower when TMA were put directly on copper, but resulted in the same type of white 

powder. Some of the powder was attached to the copper but most of it was loose. The coating 

was not uniform and therefore not tested in cells.  

The lithium became black due to the interaction with trimethylaluminium already before the jar 

was taken out from the glovebox. A white smoke was formed immediately when introducing 

oxygen, and a white powder was formed at several places in the jar.   

Discussion 

The uniformity problem on the copper coatings could possibly be eliminated by treating the 

copper in the same way as the lithium was. That would lead to a coating originating from a gas 

phase instead of a liquid phase. Another thing that could increase the evenness is the preparation 

of the copper foil. No cleaning of the copper foil had been done before the experiment, which 

might have affected the binding of the powder negatively.    

The colour change of lithium while being in contact with the trimethylaluminium, is probably 

due to corrosion since trimethylaluminium could absorb water, nitrogen and carbon dioxide that 

are present in the glovebox. 
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5 Conclusions  
The in-situ SEI approach using adiponitrile and LiTFSI salt showed that a high concentration 

of LiTFSI salt in adiponitrile decreases the reaction speed between lithium metal and 

adiponitrile and cyanide formation. The lithium dissolving effect that could be observed in 

combination with this reaction was lowered with higher salt concentration. The reaction 

between adiponitrile and lithium could thus be inhibited by a high salt concentration probably 

because a protecting SEI was formed in the high concentration. Surface analysis using XPS 

characterization shows that a stable SEI forms on lithium metal when having high concentration 

of lithium salt in adiponitrile. 

The ex-situ formed coatings, could with varying quality, be formed by mixing aluminia powder 

with a polymer.   

Dendrites were not supressed by the aluminia-polymer composite used in this study.  The 

dendrites grow even faster when lithium was coated with a compound consisting of PEG-DMA, 

PEG-MA and aluminia than they did for uncoated lithium. One likely reason for the faster 

dendrite growth could be the uneven ion transportation through the coating. Lithium coated 

with a composite additionally containing acetonitrile and 2-2-dimetoxy-2-phenyl-acetophenone 

had a slower dendrite growth rate on the length compered to uncoated lithium but the dendrites 

were at the same time more tightly grown. This might be due to interactions between lithium 

and adiponitrile. Both types of composite coatings resulted in a higher capacity drop than 

uncoated lithium, which is most likely due to the increased amount of dead lithium.   

Smaller aluminia particles provide a more homogenous coating, especially for dip coating 

because the particles were more evenly distributed in the solution. 

Trimethylaluminium cannot be used for coating Al2O3 on lithium because the precursor corrode 

lithium metal, even in an inert argon atmosphere in a glove box. No corrosion could be seen on 

copper when it was in contact with trimethylaluminium and some type of coating was formed 

on the copper surface. The coating was uneven. Further studies could probably be done to make 

a better and more even coating.  

A sol gel consisting of aluminium nitrate, water and urea could not be used to form aluminia 

on copper due to copper dissolving during the evaporation of water. The copper did most likely 

dissolve because copper-complexes were formed together with by-products from urea.  
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