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Abstract

Binder-free oxide nanotube electrodes for high energy
and power density 3D Li-ion microbatteries

Charlotte Ihrfors

This thesis covers synthesis and characterisation of TiO2 nanotubes and TiO2 /
Li4Ti5O12 composite nanotubes. The aim was to build batteries with high areal
capacity and good rate capability. TiO2 nanotubes were synthesized by two step
anodization of titanium metal foil and the composite electrodes were synthesized
through electrochemical lithiation of TiO2 nanotubes. To improve the battery
performance the TiO2 nanotubes were annealed at 350 °C in air atmosphere, while
the composite electrodes were annealed in argon at 550 °C. The longest TiO2
nanotubes were measured to 42.5 micrometres. The 40 micrometres long nanotubes
displayed an areal capacity of 1.0 mAh/cm^2 and a gravimetric capacity of 89 mAh/g.
Nanotubes having a length of 10 micrometres had an areal capacity of 0.33 mAh/cm^2
and a gravimetric capacity of 130 mAh/g. When cycled at high rates, 10C, the capacity
of the 40 micrometres nanotubes was 0.25 mAh/cm^2, using a current density of 9.3
mA. The capacity of the 40 micrometres long nanotubes were higher than for the 10
micrometres long, but the increase was not proportional to the increase in length. A
composite electrode was successfully synthesized and was found to have a capacity of
0.25 mAh/cm^2 at a rate of C/5.
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Titanbaserade nanotuber för tredimensionella 
elektoder i litiumjonbatterier 

 

Charlotte Ihrfors 

 

Medan utsläppen i atmosfären och den globala uppvärmningen blir ett allt större problem 

måste samhället hitta nya vägar för energiförsörjningen. En ökad mängd förnyelsebar energi 

ställer högre krav på att kunna lagra energi då mer miljövänliga energiformer ofta har en 

ojämn energiproduktion. En viktig faktor för att kunna lagra energi i större utsträckning är 

vidareutvecklingen av batterier. Vi som lever i samhället tenderar också att bära runt på mer 

och mer elektronisk utrustning såsom mobiltelefoner och surfplattor. Litiumjonbatterier har 

visat sig framgångsrika på den växande marknaden för portabel elektronik, vilket driver 

utvecklingen mot billigare och lättare batterier med längre livslängd.  

Ett uppladdningsbart litiumjonbatteri är en elektrokemisk cell där kemisk energi omvandlas 

till elektrisk energi och vice versa. När batteriet laddas ur frigörs litiumjoner vid anoden (-) 

och en elektron släpps ut som ström i en extern krets. Litiumjonerna diffunderar genom en 

elektrolyt och en separator till katoden (+) där elektroner tas från den yttre kretsen och en 

reduktion sker i katodmaterialet. 

Utvecklingen inom mikroelektromekaniska system (MEMS) går med en rasande fart och det 

kräver att också de batterier som används för strömförsörjning av till exempel mikrosensorer 

och pacemakers utvecklas för att möta kraven. För att bygga batterier med hög energitäthet 

och hög effekttäthet behövs både stora elektrodytor och korta transportvägar för jonerna och 

elektronerna. Detta kan erhållas genom att använda tredimensionella mikrostrukturer. För att 

möta behoven krävs små batterier som kan ytmonteras på komponenterna, vilket gör 

drivkraften att utveckla batterier med så hög energitäthet per area som möjligt stor. 

Titandioxid är ett av världens mest studerade material och kan hittas inom vitt skilda 

användningsområden såsom medicinska implantat, fotokatalys och som anodmaterial för 

litiumjonbatterier. Litiumtitanat i sin tur är ett ”state-of-the-art” material för anoder i 

litiumjonbatterier som visar goda egenskaper för utvecklingen av säkrare batterier. 

I det här projektet har nanotuber av titandioxid tillverkats och använts som tredimensionella 

mikrostrukturerade elektroder i litiumjonbatterier. Målet var att tillverka titandioxidtuber med 

en längd på upp till 50 µm för att öka kapaciteten per elektrodarea jämfört med den för 

kortare nanotuber. Nanotuber bestående av en komposit av titandioxid och litiumtitanat 

undersöktes också i syfte att dra nytta av litiumtitanatens goda cyklingsstabilitet. För att 

tillverka nanotuberna har elektrodeponering använts för att bilda oxiden på titan. 

Fluoridjonerna som tillsats i den elektrolyt som använts för elektrodeponeringen etsar oxiden 

samtidigt som den byggs upp och vid speciella förhållanden kommer en jämvikt infinna sig 
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mellan dessa processer och självorganiserade nanotuber bildas. Batterierna har laddats upp 

och ur för att studera kapacitet, livslängd och hur väl de klarar snabba upp- och urladdningar. 

Nanotuber av titandioxid med en längd på upp till 42 µm tillverkades under projektet, 40 µm 

långa nanotuber visade en kapacitet på 1,0 mAh/cm
2
 och en gravimetrisk kapacitet på 89 

mAh/g. Detta är en hög kapacitet per area men en betydligt lägre gravimetrisk kapacitet 

(kapacitet per massa) jämfört med de 10 µm långa nanotuber som tillverkats.  Även en 

kompositelektrod av titandioxid och litiumtitanat tillverkades och testades och denna gav en 

kapacitet på 0,25 mAh/cm2. 

Arbetet har utförts vid Institutionen för Kemi-Ångström vid Uppsala universitet. 
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1 Introduction 
As the air pollution and global warming increase all around the world there is today little 

doubt that a change is needed to turn the present development [1-3] .Therefore a change of 

focus from fossil fuels to more environmentally friendly energy sources such as wind power 

and solar radiation is needed for [1-2][4].To enable this, further development of batteries of 

different types is required, and the lithium ion batteries are stated to be the best technology for 

future electric vehicles, which have a big role in decreasing CO2 emissions [4-6]. The lithium 

ion batteries have also shown a great success in the market of portable electronics as we tend 

to carry around more and more smartphones, tablets, etc.. This creates a growing demand of 

rechargeable batteries and a driving force towards lighter and cheaper batteries with longer 

lifetimes [1][4][6-8].       

Wireless microelectronic devices play a bigger and bigger role in the society today and are 

used for lots of different applications. Devices like microsensors and medical implants are 

getting smaller and smaller and require higher energy and power densities, which is a driving 

force for development of lithium ion microbatteries [9-11]. Both primary and rechargeable 

thin film lithium ion batteries have historically been the leading power source for the 

microelectronics [9]. As the next step in the development, 3D microbatteries are proposed 

since these can provide a higher energy density per footprint area and a high power density 

[9-10][12]. This is possible through a combination of high surface area, short diffusion paths 

and an increased amount of active material than in the thin film batteries [9-11]. 

Titanium dioxide is one of the most studied materials and has a wide range of applications. 

Examples are photcatalysts, battery anodes, and medical implants [13-14]. In 1999 it was first 

shown that free standing titanium dioxide nanotubes can be grown through a simple and well 

controlled anodization process [13]. The titanium dioxide nanotubes have shown promising 

results as anode material for lithium ion microbatteries with high areal and gravimetric 

capacity compared to other microbattery designs [9]. 

Lithium titanate spinel is a state of the art anode material for lithium ion batteries thanks to its 

structural stability during cycling and excellent safety performance [15-16]. The high mobility 

of lithium ions has also made it an interesting material for supercapacitors [15]. Large 

particles of the lithium titanate spinel do, however, suffer from low ion and electronic 

conductivity and synthesizing of nanoparticles is therefore a very interesting way to improve 

the battery behaviour for the material [16-17].  

Titanium dioxide nanotubes have been studied as anode material for lithium ion batteries and 

showed a good cycle life and good performance during fast charge and discharge [9]. To 

further increase the energy density per footprint area for the nanotubes while used as anodes 

in lithium ion batteries, the present work shows that 40 µm long titanium dioxide nanotubes 

can be synthesised. These ultra long nanotubes have also been evaluated in half-cell
1
 batteries 

against lithium metal and show an areal capacity of 1.0 mAh/cm
2
 and a gravimetric capacity 

                                                 
1
 In a half-cell an electrode material is evaluated versus lithium, whereas a full-cell consists of two different 

electrode materials tested together. 
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of 89 mAh/g at a rate around C/6
2
. In this thesis, composite electrodes of titanium dioxide and 

lithium titanate spinel has also been synthesised and evaluated in half cell batteries. 

Aim 

This thesis consists of two related parts, both about titanium dioxide nanotubes and their 

application as anodes for lithium ion batteries. The first project aims to electrochemically 

synthesize ultra long nanotubes that are around 50 µm long and use them as battery anodes to 

build batteries with a higher capacity and better rate capability than earlier shown. The aim of 

the second project was to be able to lithiate synthesized nanotubes through electrochemical 

lithiation and create TiO2/Li4Ti5O12 composite electrodes for batteries. The purpose to make 

the composite electrode was to take advantage of the high cycling stability of lithium titanate 

(Li4Ti5O12 , LTO). 

 

 

  

                                                 
2
 C/6 corresponds to a full charge or discharge in six hours. This is further explained in Galvanostatic charge 

and discharge cycling. 
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2 Theory 

Batteries 

 

Figure 1. Schematic picture of a battery where the arrow shows the movement of electrons during discharge. 

 

A battery is a galvanic cell from which electric power can be extracted while two different 

reactions take place at two separated electrodes. In the battery chemical energy will be 

directly converted to electrical energy that can be used through an external circuit. Today one 

can define three different main applications for batteries, mobile systems such as portable 

electronics and cars, stationary systems not connected to the electricity grid and also as 

backup power for sensitive functions [18]. 

Batteries can be divided into two different main categories, primary and secondary batteries. 

In comparison with a primary battery, a secondary one offers the possibility to be recharged 

and used during many cycles. Secondary batteries are used to directly convert chemical 

energy into electrical energy and vice versa, which makes it possible to store electrical energy 

as chemical energy and reconvert it at a later occasion [18]. Primary batteries are usually 

assembled in the charged state and the main step of the operation is one discharge. Secondary 

batteries, on the other hand, are usually assembled as discharged and therefore have to be 

charged before use [5].  

A battery consists, as shown in Figure 1, of two electrodes separated by an electrolyte and a 

separator and all this is inserted into a battery container. The separator (not shown in Figure 1) 

acts as a membrane to prevent physical contact between the two electrodes to avoid an 

internal short circuit. The electrolyte and the separator should be conducting for lithium ions 

to provide the transport of ions between the electrodes, but still be electronically insulating 

[18]. 

At the cathode side a reduction will take place that involves the electrons from the external 

circuit which has passed the attached device during discharge. The anode is also called the 
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negative electrode and the cathode is called the positive electrode of the battery. The negative 

electrode should release electrons to the external circuit and therefore needs to be a good 

electron donor. During charge of the battery opposite reactions will take place. Examples of 

electron donor material can be lithium and lead. The cathode material should take up electrons 

from the external circuit to enable the reduction and therefore needs to be a good electron 

acceptor. Some examples of materials commonly used for batteries are lithium cobalt oxide 

and manganese dioxide [5].  

The task of the electrolyte is to conduct the ion transfer between the electrodes and at the 

same time be electronically insulating to force the electron to pass through the external circuit 

[5].  

A lot of different battery chemistries are used today in both research and commercial cells. 

Some examples of systems used for secondary batteries are lead acid, nickel-cadmium and 

lithium ion batteries that will be presented in more detail below. The lead batteries consist of a 

lead anode and a PbO2 cathode, separated by an aqueous electrolyte, H2SO4. The nickel-

cadmium system combines a cadmium anode with a NiOOH cathode and an aqueous 

electrolyte, KOH [5].  

Several different factors can be used to evaluate batteries and battery materials, the ones used 

in this thesis will be defined here or the first time they are used. The capacity is the amount of 

charge that can be stored in the material and is measured in ampere hours (charge). The areal 

capacity is the capacity per area unit and the gravimetric capacity is the capacity per weight of 

material. For batteries, the gravimetric capacity is most commonly used but for microbatteries 

the areal capacity plays a large role because the applications provide only small areas for 

batteries. The stability or the cycle life of a battery is the amount of charge and discharge 

cycles it can withstand with reasonable capacity fading. The working potential is the potential 

difference between an electrode material and a certain reference while redox reactions take 

place; the potential difference between the cathode and the anode is the cell potential of a 

battery. The power density is the ability to store and extract energy with time. A high power 

density makes it possible to extract a high amount of energy in a short time. The energy 

density for a battery is equivalent to the electrode capacity times the cell potential, this is 

usually measured per weight or volume. 

Lithium ion batteries 

Batteries containing lithium metal were first presented in the 1970s as primary cells. The 

different technologies for lithium batteries have been developed ever since and are still 

developing. The idea of using lithium as battery anodes is based on the fact that lithium is the 

most electropositive metal, -3.04 V versus a standard hydrogen electrode [19], and also the 

lightest metal.  This gives the possibility to build cells with a high cell potential as well as a 

high gravimetric capacity. Initially, lithium metal was used as anode material but this resulted 

in safety problems for rechargeable cells as the combination of lithium metal and electrolyte 

gave a lithium dendrite formation. The lithium dendrites could penetrate the separator and 

cause an internal short circuit in the cell, possibly followed by heat evolution and explosion 

hazards [7].  
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To solve the problem with dendrite formation several alternatives can be used to modify the 

electrolyte or the negative electrode. One approach is to replace the lithium metal by a 

material in which lithium ions can be inserted in the structure such as graphite or metal 

oxides.  This creates a setup without lithium metal and where the lithium ions travel between 

the two electrodes; this is also called lithium-ion or ‘rocking-chair’ technologies. This 

substitution is favourable for the safety and the life time of the cell but will decrease the cell 

voltage and capacity [7]. A schematic image of the discharge process in a lithium ion battery 

is shown in Figure 2. 

 

Figure 2. A schematic image of a lithium ion battery during discharge, the electrons travel through an outer 

circuit. 

 

The electrode materials used in anodes and cathodes can usually be divided into three 

different types of materials: insertion materials, alloying materials, and conversion materials. 

The reactions with lithium in these different materials are driven by three different 

mechanisms. In insertion materials the lithium is inserted in the original structure, this is the 

most common process but it suffers from a relatively low capacity. In the alloying materials 

the lithium is creating an alloy together with the electrode material. The alloying materials 

have a high capacity, as a high amount of lithium ions can be stored, but also large volume 

changes. In the conversion materials a binary metal compound, MAXB, (X=O, S, F….) reacts 

with lithium to form metallic nanoparticles in a matrix of LiYX, this gives high capacities but 

also big problems with volume changes [20]. Volume changes during insertion and extraction 

of lithium ions could lead to cracks en mechanical degradation in the electrodes an therefore a 

bad cycling stability. 
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Anodes 

There have been several proposals on insertion materials for battery anodes. Some of these 

suggestions are carbons and transition metal oxides. One disadvantage with insertion 

materials is that their theoretical capacity is lower than that for lithium metal, alloying or 

conversion materials [21]. But the small volume changes enable long cycle lifes and high rate 

capability [20]. The most commonly used system uses the layered graphite structure as the 

battery anode. Lithium intercalates into the graphite structure during charging to form LiC6; 

this reaction is reversible and goes the opposite way during discharge [22]. These 

conventional carbon materials have a working potential around 0 V versus Li/Li
+
 at the end of 

the charging procedure which can give rise to lithium dendrite formation at the anode. This 

dendrite formation is less thermodynamically stable in materials containing redox couples 

with higher equilibrium potentials versus Li/Li
+
 , for example Li4Ti5O12 [23].  

Electrolyte 

An important factor in building lithium ion batteries is the choice of electrolyte system. The 

standard electrolyte for lithium ion batteries is a mixture of organic solvents such as ethylene 

carbonate (EC) and diethyl carbonate (DEC) and a lithium salt, LiPF6, dissolved in the solvent 

[22]. Ethylene carbonate has a high dielectric constant and the organic solvents therefore offer 

a high possibility to dissolve lithium salt [20]. Since the electrolyte consists of organic 

solvents it may be flammable which is a safety issue. 

Cathodes  

A lot of different insertion materials have been suggested as positive electrodes for secondary 

lithium batteries and among them the most successful ones have been the inorganic transition 

metals oxides and chalcogenides. The most discussed materials as positive electrodes are 

transition metal oxides. The charge and discharge processes in these insertion materials are 

based on a reversible change in the lithium content in the material and a change of oxidation 

number for the transition metal; this process is shown in Equation 1(M refers to a metal an X 

can for example be oxygen) [21]. 

                

         
→       

            
←       

         Equation 1 

The cathodes are either synthesized in the charged or discharged state where material that do 

not contain any lithium after the synthesis needs to be combined with an anode material that is 

the source of lithium ions [21].   

Solid electrolyte interface 

During cycling of a lithium battery the electrolyte can decompose at the interface between the 

solid electrode and the liquid electrolyte and create a thin film of different organic and 

inorganic components, a so called solid electrolyte interface (SEI). The formation of the SEI 

usually takes place during the first cycle at around 0.8 V versus Li/Li
+
, and can then protect 

the battery from further decomposition of the electrolyte. The SEI formation is usually formed 

primarily at the anode. A good SEI allows the lithium ions to transfer through the layer but 
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hinders the electrolyte to decompose further. This will maintain the battery characteristics and 

increase the life time of the battery [20].  

Microbatteries 

As electronic equipment using batteries as power source gets smaller and smaller at the same 

time as the power density requirements increase there is a need for microbatteries providing 

these microstructures with power at a small footprint area [9-10][24]. The footprint area is 

defined as the two dimensional bottom area of the battery, in other words, the area that a 

surface mounted battery requires. The microelectromechanical systems (MEMS), medical 

implants and micro sensors are examples on areas where microbatteries are needed [9-

11][24]. To be able to increase the capacity to store energy in the battery as the footprint area 

is held constant, different 3D designs are used [10].  

2D microbatteries usually consist of thin films which can provide a high power density 

because of the short diffusion paths. To increase the capacity, the films could be made thicker 

but this would decrease the power density simultaneously [9]. 3D microbatteries consist of 

integrated micro- or nanoarchitectures, the microarchitectures are the more realizable today 

while the nanoarchitectures suffer from problem with the deposition of materials. The 3D 

microarchitectures can provide both high power and energy density if they are designed with 

a large electrode area, thin layers of electrode material on the current collectors (electronic 

conductor connected to the electrode to lead the current away from the electrode to the 

external circuit) and short distances between the electrodes [24]. Four different main 

categories of structures are proposed for microbatteries; interdigitated-, trench-, concentric- 

and sponge-type, and these are schematically representated in Figure 3 [25]. Usually the 

electrodes for microbatteries are fabricated as free-standing electrodes without binders or 

conductive additives [9].  

 

Figure 3. The four different main types of structures for 3D microbatteries are schematically shown in the 

image. These are a) interdigitated, b) trench type, c) concentric and d) sponge type. Reprinted from [24] with 

permission from the authors. 

a) 

 

d) 

 

c) 

 

b) 
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Titanium dioxide 

Titanium dioxide (TiO2) is a very well studied material and is, due to its optical, electrical and 

mechanical properties, a good candidate for a lot of different applications ( biomedical 

devices, photocatalysis and lithium ion battery anodes). For battery applications a high 

surface area as well as good electronic properties are important factors, this can be achieved 

through synthesis of the TiO2 as nanotubes [13]. 

The different crystalline structures of TiO2, anatase, rutile and TiO2(B) have been widely 

investigated for battery applications, especially for those requiring a high rate performance
3
. 

The anatase lattice belongs to a tetragonal body centred space group named I41/1md.  When 

lithium ions are inserted into the TiO2 and the ratio of lithium is rising above 0.5 (Li0.5TiO2) 

the symmetry of the unit cell will decrease to an orthorhombic Pmn21 space group. Along 

with the decrease in symmetry the unit cell will experience an increase in volume of about 

4%. Generally, large volume changes are one reason for capacity fading in batteries. Still, the 

anatase structure has been reported to be better than the other structures in capacity to take up 

lithium ions [26]. 

Both bulk and nanostructured TiO2 have been investigated as anode materials. The process in 

the battery anode is based on the reduction of titanium from Ti
4+

 to Ti
3+

 and lithium insertion 

into the TiO2. Lithium can be inserted reversible into TiO2 to form Li0.5TiO2, this gives a 

theoretical specific capacity of 168 mAh/g [9]. The lithium insertion follows Equation 2 

below. TiO2 has a working potential around 1.8 V versus Li/Li
+ 

[27].  

             
        
←      

          
→      

        Equation 2 

Litium titanate 

The lithium titanium oxide spinel, Li4Ti5O12, has an operating potential around 1.55 V versus 

Li/Li
+
. This gives it advantages in safety issues compared to the conventionally used carbon 

materials due to the reduced  risk for dendritic formation [16][23]. A disadvantage of the LTO 

is the low electronic conductivity of the material which makes it less favourable for high 

current applications unless the material is doped or modified in any other way such as 

nanostructured electrodes [23]. Another disadvantage of the LTO is that since the working 

potential for LTO is around 1.55 V versus Li/Li
+
 the cell potential of the entire battery cell 

will be lower with LTO compared to carbon when using the same cathode material. The high 

working potential is the reason for the smaller risk of dendrite and SEI formation [23]. LTO 

has, to summarize, shown to be a safer alternative to the carbon materials and has showed 

good cycle life, a large capacity and a high rate capability [16]. The capacity of LTO, 175 

mAh/g [16], is slightly higher than that for TiO2, 168 mAh/g [9].  

                                                 
3
 The rate performance corresponds to the performance of the battery when cycled at high rates (fast charge and 

discharge). 
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There are several different methods to synthesize LTO, some of the most conventional ones 

are solid state, sol-gel and solution based methods. The synthesis method has a big impact on 

the battery performance of the material, both on the cycling life and the capacity [23].  

The LTO spinel has a cubic structure and belongs to spacegroup Fd3m. During cycling of the 

battery this structure takes up three lithium ions per unit cell and is transformed into Li7Ti5O12 

which has the rock salt structure. This reaction gives a theoretical capacity at 175 mAh/g. The 

reaction taking place at the battery anode corresponds to Equation 3. 

                  
         
←       

            
→       

           Equation 3 

The volume change during the transformation between Li4Ti5O12 and Li7Ti5O12 is only 0.2% 

which reduces the strain formed in the electrode which otherwise is one of the main reasons 

for capacity fading [16]. 

Anodic formation of TiO2 nanotubes 

The synthesis of the TiO2 nanomaterials can be carried out with several different methods 

such as sol-gel methods, hydro/solvothermal methods or electrochemical methods. In the 

electrochemical way the oxide is formed by anodization of titanium metal foil [13]. 

When the titanium metal foil is exposed to an anodic voltage it will oxidize according to 

Equation 4. Depending of the electrochemical conditions there are three different possible 

scenarios that can take place at the sample.  

            Equation 4 

These three different scenarios are as follows: 

1) The Ti
4+

 ions are dissolved in the electrolyte and corrosion will take place at 

the surface of the metal. 

2) The Ti
4+

 ions reacts with O
2-

 from the electrolyte and a compact layer of 

metal oxide (TiO2) is formed, as long as TiO2 is not soluble in the 

electrolyte. 

3) Under some special conditions a competition will take place between 

forming of TiO2 and dissolution of the same, this will lead to the formation 

of a porous TiO2 or self-organized amorphous nanotubes.  

To achieve these self-organized structures, small amounts of fluoride ions have to be added to 

the electrolyte. Small or no amounts of fluoride ions (≤ 0.05 wt%) will cause the formation of 

a dense TiO2 film (scenario 2 above) whereas a high concentration of fluoride ions (≈1 wt%) 

only will lead to etching of the metal surface (scenario 1 above). An intermediate 

concentration of fluoride ions will lead to the described competition between TiO2 formation 

and dissolution and result in a porous film or nanotubes of TiO2 [13].  

The formation of the nanotubes can be divided into different steps, shown in Figure 4. First a 

dense oxide layer will form on the substrate (step 2) and in the next step the fluoride ions will 
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start to etch the surface of the dense oxide (step 3). The etching from fluoride ions will 

continue preferentially at certain spots (step 4) at the same time as new oxide is formed at the 

oxide-metal interface. This is the start of the tube formation (step 5). Finally stable tubes are 

grown to different lengths [13-14]. 

 

Figure 4. Growth of TiO2 nanotubes divided into 5 different steps. 1) The substrate is a piece of titanium metal 

foil. 2) First a dense oxide layer is formed on the substrate. 3) The fluoride ions in the electrolyte start to etch the 

oxide layer. 4) The etching will take place preferentially in certain spots and tube embryos are formed. 5) Finally 

a stabilized tube formation is established. 

 

The fluoride ions in the electrolyte will form [TiF6]
2-

 which is soluble water. These complexes 

are created from two different sources of titanium, either from the already formed oxide via a 

chemical attack, Equation 5, or from Ti
4+

 ions that are ejected from the metal-oxide interface 

and migrate through the oxide, Equation 6 [13-14].  

        
  

→ [    ]
        Equation 5 

         [    ]
   Equation 6 

The formation of the nanotubes can in a simple way be seen as a competition between the 

formation of soluble metal complexes according to the two Equation 5 and 6 and the 

formation of the metal oxide, in this case the TiO2. This is also described by Figure 5 [14].  



11 

 

 

Figure 5. Schematic picture of the preferential etching during the nanotube formation. 

 

This will give rise to growth of a sort of porous metal oxide instead of a dense oxide layer 

which at certain conditions will result in self organised nanotubes since the etching of the 

oxide will happen preferentially in certain locations [13].  

There is also a correlation between the pH of the solution and the length of the nanotubes. 

Longer nanotubes can be achieved when using an electrolyte with a neutral pH because of less 

etching from the fluoride ions. A non-aqueous electrolyte, such as ethylene glycol (ETG), 

gives a result with a higher amount of order and less sidewall inhomogeneities on the 

nanotubes [13].  

To achieve better ordered nanotubes a two-step anodization process could be used. With this 

approach, nanotubes that visually look perfectly ordered can be achieved. In the two-step 

process the first synthesized layer of TiO2 is removed from the substrate to create a metallic 

surface with pits which come from the bottom of the removed tubes. The next layer of tubes 

will then grow in these pits which creates a guide to self-organization already from the 

beginning [13].  

For battery applications the crystalline phase anatase is the desired phase of TiO2 since it has  

a better uptake of lithium than rutile [26]. To transform the amorphous phase that is first 

created to anatase the samples are annealed.  Anatase is achieved through annealing at 350 °C 

for 5 hours. Generally, rutile is considered most thermodynamically stable in bulk material 

and anatase as the most stable at the nanoscale. The anatase crystals are found to have less 

surface energy than rutile which has a big impact for nanomaterials [13]. Annealing 

conditions influence the electric resistance of the nanotubes by several orders of magnitude. 

Both the temperature, the atmosphere and the annealing time will influence the resistance of 

the nanotubes and therefore also the performance of the batteries. The lowest resistance is 

achieved when annealed at around 350 °C and a significantly higher resistance is measured 

for samples annealed at 550 °C, especially when annealed during 20 h [28].  

Battery characteristics 

To analyse the battery performance several different methods can be used and in this thesis 

cyclic voltammetry and galvanostatic cycling are discussed. Cyclic voltammetry has been 
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used to analyse the overpotential of the reactions and galvanostatic cycling to determine the 

capacity of the batteries and perform rate capability tests. 

Cyclic voltammetry 

In cyclic voltammetry (CV) the potential is cycled between an upper and a lower cut-off 

voltage as the current is measured. Cyclic voltammetry enables studies of the processes in the 

electrodes and at the electrode-electrolyte interface [18]. When the scan rate is increased the 

peak separation is influenced by both the iR drop and by kinetic effects according to Equation 

7 (where A and B are constants and R is the resistance). To analyse which effect is the most 

dominant in different regions the peak separation (ΔE) is plotted versus the peak current (IP) 

and the logarithmic peak current (log IP) [9].  

         (  )      Equation 7 

A standard cyclic voltammogram is shown in Figure 6 where peak current and peak 

separation is marked. In this thesis work it has been used to study the electrode reactions, 

giving information about limiting factors in the reactions at different scan rates.  

 

Figure 6. A standard cyclic voltammogram where the anodic/cathodic peak separation and the peak currents are 

marked. 

 

Galvanostatic charge and discharge cycling 

Galvanostatic cycling is a common technique for battery evaluation where a constant current 

charges or discharges the battery while the potential is recorded. The charge and discharge is 

performed between an upper and a lower cut-off voltage. The current is often expressed in C-

rate which is calculated from the maximum capacity of the battery. The C-rate expresses the 

time to full charge or discharge of the battery in a certain time. By definition the C-rate 1C 

corresponds to a full charge or discharge of the battery in one hour. In battery testing C/10 is 

commonly used and this corresponds to full charge or discharge in ten hours. The practical 

capacity can easily be calculated from the time of charge or discharge and the current. 

Standard galvanostatic cycling for a TiO2 electrode versus lithium metal is shown in Figure 7, 
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where also some definitions are expressed [29]. The potential is measured continuously and 

when the cut-off voltage is reached the current is reversed.  

During the majority of the charge or discharge the electrode reactions will give rise to a 

voltage plateau. The charge and discharge potential is not equal because of the overpotential 

required for the reaction. Overpotential refers to that an extra potential in addition to the 

theoretical one is needed for the reaction to take place, this results in a higher potential for 

charging than discharging. 

 

Figure 7. Standard galvanostatic cycling of TiO2 nanotubes for two full cycles between 1.5 V and 2.5 V. 

 

In this thesis work the galvanostatic cycling has been used to determine the practical capacity 

of the batteries. The method has also been used to perform rate tests on batteries when they 

were cycled at different C-rates.  

Materials characterization 

X-ray diffraction 

X-ray diffraction is used to determine the crystal structure of a material. X-ray diffraction is 

based on scattering of the electromagnetic waves by the electrons of atoms and ions. The 

scattering of the waves will give rise to interference and at certain angles of incident, the 

reflected beams will interfere constructively.  This will give a diffraction pattern with high 

intensities at certain angles of incidence. The constructive interference will occur at the so 

called Bragg angle where Bragg’s law is satisfied, Equation 8, while at other angles the 

reflected waves will be cancelled. 

          Equation 8 
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In Bragg’s law, d corresponds to the distance between two adjacent planes, θ is the angle of 

incidence, n is an integer and λ is the wavelength of the incoming beam [30].  

Scanning electron microscopy 

Scanning electron microscopy (SEM) can be used to examine microscopic structures of a 

material through scanning of the surface. The large depth of field of the SEM provides the 

possibility to achieve a three-dimensional appearance of the images. The image in a SEM is 

created through scanning of an electron beam over the sample surface. The electrons hitting 

the surface can scatter either elastically or inelasticallly. Elastically scattered electrons are 

incident electrons scattered by atoms in the material and are mainly used for elemental 

contrast. Inelastically scattered electrons are ejected electrons from the material and are used 

to produce topographic contrast. The electrons in each point or pixel are detected and a point-

to-point image is created through scanning of the sample surface e [31].  

 

3 Experimental 

 

Figure 8. Schematic representation of the system for nanotube growth. 

 

Nanotube synthesis 

The TiO2 nanotubes were synthesized through anodization of a titanium metal foil in a 

fluoride ion containing organic electrolyte, a schematic image of the setup is shown in Figure 

8. Before the anodization the titanium metal foil (Advent Research–materials, 99.6 +%, 

thickness 0.125 mm) was cut into pieces of 15x15 mm, then the pieces were rinsed in ethanol 

and cleaned in sonication bath for 15 minutes and then dried under nitrogen flow. A titanium 

piece was then placed in the setup which left a circle of about 0.9 cm
2
 open for exposure to 

the electrolyte, and connected to the power supply through a copper plate. The electrolyte was 

then poured into the setup and the counter electrode was immersed into the electrolyte 

approximately 1 cm above the titanium metal working electrode. A platinum flag connected 

to the power supply served as counter and reference electrode. A schematic representation of 

an experimental setup is shown in Figure 8. For the anodization, two different DC power 

sources were used. For the anodization performed at 70 V or lower, a Delta Elektronika 
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Power Supply SM7020-D was utilized. For the anodizations performed at 75 V and above, a 

Delta Elektronika Power Supply SM3004-D was utilized. 

In this project a two step anodization was performed for synthesis of nanotubes. This was 

performed by removing the nanotube layer from the first anodization by sonication in 

deionized water for about 15 minutes, followed by drying under nitrogen flow. The first layer 

was removed to create nucleation sites for the final layer. The sample was then cleaned in 

deionized water in a sonication bath for five minutes. The second anodization was then 

performed in the same way as described for the first step. During the first step the anodization 

was performed during three to five hours, while the time second step varied between 0.5 h and 

3 h. 

The parameters that were varied to investigate the length of the tubes were second step 

anodization time, anodization voltage, and fluoride ion concentration.  

Electrolyte 

The electrolyte consisted of an ethylene glycol based solvent and the salt was NH4F. The 

electrolyte was made by mixing of 95% of ethylene glycol (Sigma Aldrich, 99.5%) and 5% of 

deionized water and 0.1 M or 0.2 M NH4F (Sigma Aldrich, ACS reagent 98%). The standard 

electrolyte for the project was prepared with 0.1 M NH4F, (this concentration has shown good 

results in previous studies [9]). 

Annealing 

The synthesized nanotube samples were annealed before evaluation in a pouch cell battery. 

The annealing was performed in a Hereaus tube furnace in air atmosphere.  For the 

amorphous pristine TiO2 samples, the heat treatment was performed at 350°C for five hours 

with a temperature ramping of 6°C per minute, to achieve the anatase phase.   

Materials characterization 

The crystalline structures of the samples were examined through x-ray diffraction (XRD) 

performed by a Siemens D5000 diffractometer with a 1 ° glancing angle. The XRD analysis 

was performed on as-formed, lithiated and annealed samples.  

The morphology of the samples was analysed with SEM (Zeiss 1550). Both top view and 

cross-sectional studies of the samples were performed.  From the cross-sectional views the 

length and the inner and outer diameter were measured.  The cross-sectional view was 

achieved through scratching off parts of the the nanotube layer from the sample, which 

resulted in fragments of nanotubes detaching and lying on the surface of the non destructed 

nanotubes.  

The amount of material in a 10 µm electrode was estimated both theoretically and 

experimentally. The theoretical calculations were made assuming a perfect hexagonal 

structure of tubes and the inner and outer diameters were measured from an SEM image. The 

experimental estimation of the weight was made by weighing the substrate with the formed 

nanotube layer and the bare substrate, after the nanotube layer was removed by sonication. 

The weight difference was assumed to correspond to the mass of TiO2.  
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Battery assembly 

 

Figure 9. a) Image of a pouch cell used for evaluation of battery performance. b) A schematic image of the 

components assembled into a pouch cell battery. 

 

For the battery performance evaluation and the lithiation process, the electrodes were 

assembled into pouch cell batteries and tested against lithium metal foil. A pouch cell is a 

convenient way to build a battery for evaluation of a system. The electrodes, separator and 

electrolyte are assembled and incorporated into a bag where vacuum is applied, see Figure 9. 

The process with battery assembling was performed in an argon filled glove box (MBraun, 

H2O, O2 < 2 ppm). Before assembling of the pouch cells the electrodes were dried in 120 °C 

for five hours in a vacuum oven (Büchi Glassoven B-585) inside the glove box. The bag 

material used for the pouch cells was made of aluminum coated with a polymer. The TiO2 

electrode served as the working electrode and the lithium foil served as a reference and 

counter electrode. The electrodes were separated by glass fiber separator (Whatman) soaked 

in electrolyte. As electrolyte in the pouch cell batteries the commercially used electrolyte 1M 

LiPF6 EC:DEC 1:1 (Merck, H2O ≤ 20 ppm) were used. The electrolyte for the composite 

electrode battery was 1M LiPF6 EC:DEC 1:1 mixed locally from LiPF6 salt, EC (Merck) and 

DEC (Aldrich chemistry). 

Electrochemical lithiation 

To achieve an electrochemical lithiation of the TiO2 nanotubes, pouch cell batteries were 

assembled as described above. These pouch cells were then cycled galvanostatically at 25 µA 

down to 1 V, 1.2 V, or 1.5 V. Both one single discharge and one full cycle followed by one 

Current collectors 

Vacuum 
sealing 

Electrodes, 
separator and 
electrolyte 

Current collector 
(Cu) 

Bag 
material Separator 

soaked in 
electrolyte 

L
i 

Nanotube 
electrode on 
titanium 
substrate 

a) b) 



17 

 

single discharge were performed on different cells. The batteries were then opened inside a 

glove box and cleaned with dimethyl carbonate (DMC) (Sigma Aldrich, anhydrous ≥ 99%) 

and transferred from the glove box. Some of the samples were also cleaned with ethanol, 

methanol and water outside the glove box. 

After cleaning the lithiated samples were annealed in a vacuum tube furnace to form LTO and 

crystalline TiO2. The annealing in argon athmosphere was performed at temperatures between 

500°C and 600°C for two and a half hour. The argon pressure during the heat treatment 

process was held at 800 mbar.  

Battery testing 

The batteries were cycled galvanostatically (with constant current) on an Arbin or Digatron 

battery tester. The cycling experiments were generally performed between 1.5 V and 2.5 V for 

the pure TiO2 electrodes and between 1 V and 2.5 V for the composite electrodes. The 

batteries were first cycled for 5 to 20 cycles at a current that corresponds approximately to a 

rate between C/5 and C/10. These cycles were later used to calculate the real C-rate of the 

specific battery.  

Cyclic voltammetry experiments were generally performed at a VMP2 

potentiostat/galvanostat and were recorded for voltages between 1.5 V and 2.5 V for the pure 

TiO2 cells. The voltage window was extended for scan rates above 0.4 mV/s to compensate 

for the increase in iR-drop. 

4 Results 

Ultra long nanotubes 

To increase the areal capacity of the TiO2 nanotube electrodes, the amount of active material 

in the electrode needs to be increased with maintained footprint area. In order to do this, ultra 

long nanotubes were synthesized and evaluated as battery anodes. Nanotubes of different 

length were grown through variation of the synthesis parameters: anodization time for the 

second step, the applied voltage and the fluoride ion concentration in the electrolyte. In Table 

1-Table 3, series of nanotube lengths with variation in different anodization parameters can be 

seen.  

Table 1. Variation in tube length depending on anodization time with 60 V and 0.1 M NH4F in the electrolyte. 

Anodization 

time [h] 

Applied 

voltage [V] 

F
-
 concentration 

[M] 

Tube length 

[µm] 

0.5 60 0.1 4.58 

1 60 0.1 7.20 

1.5 60 0.1 10.0 

2 60 0.1 11.8 

3 60 0.1 14.8 
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Table 2. Variation in tube length depending on the applied voltage with an electrolyte with 0.1 M NH4F and an 

anodization time of two hours. 

Anodization 

time [h] 

Applied 

voltage [V] 

F
-
 concentration 

[M] 

Tube length 

[µm] 

2 60 0.1 11.8 

2 65 0.1 14.9 

2 70 0.1 18.2 

2 75 0.1 36.5 

2 80 0.1 42.5 

 

Table 3. Tube length for samples synthesized with 0.2 M NH4F in the electrolyte. 

Anodization 

time [h] 

Applied 

voltage [V] 

F
-
 concentration 

[M] 

Tube length 

[µm] 

1.5 60 0.2 13.8 

2 70 0.2 40.3 

 

From Table 1 it is seen that the tube length is increased with anodization time although the 

increasing rate is slightly lower for longer anodization times. Table 2 shows that the tube 

length is constantly increasing with applied anodization voltage. If values from Table 2 and 

Table 3 is compared it is visible that as the fluoride ion concentration is doubled at 70 V the 

tube length is doubled. 

 

Figure 10. a) Data from Table 1 is plotted together with data from Table 3. This shows the influence on tube 

length by anodization time and the influence by increasing the fluoride ion concentration from 0.1 M to 0.2 M at 

60 V. b) Data from Table 2 is plotted together with data Table 3. This shows the influence of Anodization 

voltage on tube length. It also shows the increase in tube length as the fluoride ion concentration is increased 

from 0.1 M to 0.2 M at 70 V.  

The correlation between length and anodization time was assumed to be linear if the increase 

in resistance and decrease in fluoride concentration were neglected. From Figure 10a it is also 

seen that this is true up to 2h anodization. From Figure 10b it is seen that the anodization 

potential has a big influence on the tube length. In this experiment the influence is extra large 
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between 70 V and 75 V, but more experiments are needed to make a clear statement about the 

voltage influence. 

SEM 

The nanotubes were studied in SEM to analyse the morphology and to measure the length and 

tube diameters. Top view images were utilized to determine tube diameters and cross section 

views were used to measure the tube length.  

A difference in morphology is seen between the upper nanometers of the tubes, the top layer, 

and the rest of the nanotubes. The top layer can show a well ordered structrure with tubes in a 

hexagonal pattern or a rougher and less well ordered surface depending on the anodization 

properties. The longer nanotubes presented in this thesis shows generally a less ordered and 

rougher top layer which is also not homogenous over the sample surface. It is commonly seen 

in the top layer that one tube has two or three inner tubes. This is not seen in the rest of the 

tubes, therefore the extra inner tubes are assumed to either end or merge into one. 

The outer tube diameter is in the order of 150 nm and the inner tube diameter around 50 nm 

below the top layer for all samples. The tube walls in the top layer are thinner for the longer 

nanotubes. For the 10 µm long nanotubes, the inner tube diameter in the top layer is around 

80 nm and for the 40 µm long nanotubes it is around 150 nm, almost the same as the outer 

diameter. The inner and outer diameter of 10 µm and 40 µm long nanotubes are shown in 

Figure 11. 

 

Figure 11. a) Top view of 10 µm long nanotubes showing outer diameter (x) and inner diameter (y). b) Tube 

diameters further down in 12 µm long nanotubes. c) Top view of 40 µm long nanotubes showing the tube 

diameter (z). d) Tube diameter further down in 40 µm long nanotubes. 
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In Figure 12 SEM micrographs shows one example of nicely ordered nanotubes achieved 

from the two-step anodization. These tubes were synthesized from a titanium foil at 60 V 

during 1.5 h in an ethylene glycol electrolyte containing 5 vol% H2O and 0.1 M NH4F. The 

cross-section image, Figure 12 b, shows that the length of the obtained nanotubes under these 

conditions was around 10 µm.  

In Figure 13, nanotubes grown at 70 V in an ethylene glycol electrolyte containing 5% H2O 

and 0.2 M NH4F for 2 h are shown. This resulted in nanotubes with a maximum length of 

about 40 µm. As seen from the top layer view in Figure 13 the top layer of the nanotubes was 

less smooth and well ordered than for the 10 µm long nanotubes. This nanotube layer does 

also show a bigger variation in length. A combination of high voltage, 70 V, and high fluoride 

ion concentration, 0.2 M, resulted in a rough and less well ordered top layer. On the other 

hand an increase in fluoride concentration, 0.2 M, at an anodization voltage of 60 V showed a 

well ordered and smooth top layer. 

When nanotubes were grown at high voltage and low concentration of fluoride ions the tubes 

showed also a more rough and less ordered top layer. The longest nanotubes formed in this 

project are shown in Figure 14; these are grown at 80 V with an ethylene glycol based 

electrolyte with 5% of H2O and 0.1 M of NH4F. These nanotubes shown in the cross-section 

image was 42.5 µm long. Nanotubes that were assumed to be longer were grown but these 

had adhesion problems and detached from the titanium metal substrate during drying or 

annealing.  

 

Figure 12. SEM images of amorphous 10 µm long TiO2 nanotubes. a) Top view of the nanotube layer, b) side 

view of nanotubes, used to determine the tube length, c) top view of nanotube layer scratched with a scalpel and 

d) high magnification image of cross section. 
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Figure 13. SEM images of 40 µm long nanotubes grown with 0.2 M NH4F in the electrolyte and 70 V applied 

voltage. a) Top layer of 40 µm long nanotubes. b) Side view of nanotubes, used to determine the nanotube 

length. c) A different area of the top layer with a different morphology. d) Cross section view of nanotubes 

showing tube diameters below the top layer. 

 

 

Figure 14. SEM images of 42.5 µm long nanotubes grown with 0.1 M NH4F in the electrolyte and 80 V applied 

voltage. a) Top layer of 42.5 µm long nanotubes. b) Side view of 42.5 µm long nanotubes. c) The thin tubes in 

the top layer of the 42.5 µm long nanotubes. d) Side view on tubes below the top layer. 

 

a) b) 

c) d) 
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XRD 

The crystal structure of both as-formed and annealed nanotubes was determined with XRD. 

The XRD results shows that the as-formed nanotubes are amorphous, Figure 15; the only 

crystalline phase present is titanium from the substrate and the oxide film is amorphous. After 

annealing at 350°C in air, Figure 16, the amorphous TiO2 is transformed into anatase. 

 

Figure 15. Diffraction pattern of sample before annealing. 

 

 

Figure 16. Diffraction pattern from annealed sample. 
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Battery performance 

Electrodes with different lengths of nanotubes were evaluated in batteries to determine the 

capacity, rate capability and polarisation. Long nanotubes were expected to give a higher areal 

capacity than shorter ones due to the higher amount of active material. It was also seen from 

the measurements that longer nanotubes had a higher capacity but not proportional to the 

increased amount of material. A four times increase in tube length gave a three times increase 

in areal capacity. During cycling at high rates the long nanotube electrodes have a continuous 

drop in capacity which is recovered while cycling at low rates again. 

The areal capacity for different lengths of nanotubes determined from galvanostatic charge 

and discharge cycling is shown in Figure 17 and values for the capacities at C/5 and 10C are 

shown in Table 4. The 40 µm long nanotubes gave a higher capacity than the shorter tubes at 

rates of 5C or lower but at 10C they gave around the same areal capacity as the 14 µm 

nanotubes. The areal capacity at C/5 was 0.33 mAh/cm
2
 for the 10 µm long nanotubes and 1 

mAh/cm
2
 for the 40 µm long nanotubes; the four times longer nanotubes had only a three 

times higher capacity.  

The theoretical mass of TiO2 for an electrode of 10 µm long nanotubes was calculated to be 

2.3 mg with a foot print area of 0.9 cm
2
. The experimentally derived mass of TiO2 per 

electrode with the same conditions was 2.6 mg per electrode. One reason for a lower 

theoretical mass could be the larger inner tube diameter in the top layer, as the top layer was 

used for the calculations. The gravimetric capacity for the 10 µm long nanotubes is 120 

mAh/g at C/5. The gravimetric capacity is 87 mAh/g at C/5 for the 40 µm long nanotubes if 

the amount of material is assumed to be proportional to the length. The gravimetric capacity 

was calculated from the measured weight for the 10 µm long nanotubes described in the 

experimental part. 

The areal capacity for the 10 µm long nanotubes at 10 C was approximately half of the 

capacity at C/5. Whereas the areal capacity for the 40 µm long nanotubes at 10 C was 

approximately one quarter of that at C/5. For the 40 µm long nanotubes the capacity was 

dropping during cycling at 10C, therefore an average of the discharge capacity at this rate is 

displayed in the table. For the 35 µm long nanotubes the capacity at 10C was one third of the 

capacity at C/5. After around 200 cycles the capacity was fully recovered for almost all tube 

lengths. 

Table 4. The discharge capacity at C/5, 10C and at C/5 after 200 cycles is shown for different tube lengths. 

Tube length [µm] Discharge capacity [mAh/cm
2
] 

C/5 10C C/5 after 200 cycles 

10 0.33 0.16 0.32 

14 0.49 0.28 0.49 

35 0.90 0.34 0.90 

40 1.0 0.25 1.0 
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Figure 17. The rate capability is showed for four different lengths of nanotubes at C-rates from C/5 to 10C. For 

the 40 µm the last ten cycles of the test are removed. 

 

Cyclic voltammetry 

Cyclic voltammetric experiments were performed on batteries containing nanotube electrodes 

with a length of approximately 4.5 µm, 10 µm and 35 µm. The results are shown in Figure 

18-Figure 20. It is seen that as the cycling rate was increased, the peak separation increased, 

due to the fact that the overpotential became higher. This may also be coupled to the poor 

coulombic efficiency (the ratio between the achieved energy during cycling and the used for 

charging) at 2C and 5C for the 35 µm long nanotubes. The cyclic voltammograms are 

displayed together with the anodic/cathodic peak separation plotted as a function of the peak 

current and the logarithm of the peak current. This makes it possible to determine whether the 

iR effect or kinetic effects were the most dominant factor for the peak separation in different 

regions, (see Equation 7). 
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Figure 18. Cyclic voltammetry results for 4.5 µm long nanotubes. a) Voltammogram showing the anodic and 

cathodic peaks. b) Peak separation plotted versus peak current. c) Peak separation plotted versus the logarithm of 

the peak current. 

 

Figure 18c shows a logarithmic dependence of ΔE on Ip at scan rates above 0.2 mV/s for the 

4.5 µm long nanotubes. According to Equation 7, the major factor for the peak separation is 

thus the electron transfer kinetics. At scan rates lower than 0.1 mV/s the anodic/cathodic peak 

separation depends more linearly on Ip which indicates that the iR effect is more dominant. 

Since there are only three measurements made in this region a proper linear fit can not be 

made and this should only be seen as an indication. 
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Figure 19. Cyclic voltammetry results for 10 µm long nanotubes. a) Voltammogram showing the anodic and 

cathodic peaks. b) Peak separation plotted versus peak current. c) Peak separation plotted versus the logarithm of 

the peak current. 

 

As shown in Figure 19c, the peak separation for the 10 µm long nanotubes has a logarithmic 

behaviour at scan rates above 0.2 mV/s, which according to Equation 7 shows that the most 

dominant factor in this region is the electron transfer kinetics. For scan rates below 0.2 mV/s 

it is hard to determine which factor that is the most dominant since there are too few 

measurements, but the linear fit could indicate a more iR dominated region. 

a) 

b) c) 

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8


E

 (V
)

Ip (mA cm-2)

 E 
 Linear Fit

-0,8 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6
0,1

0,2

0,3

0,4

0,5

0,6

0,7

 E 
 Linear Fit


E

 (V
)

Log(Ip/mA)

1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6
-4

-3

-2

-1

0

1

2

3

 0.01 mV /s
 0.1 mV /s
 0.2 mV /s
 0.4 mV /s
 0.6 mV /s
 0.8 mV /s
 1.0 mV /s

C
ur

re
nt

 d
en

si
ty

 (m
A

 c
m

-2
)

Voltage (V vs. Li/Li+)



27 

 

 

Figure 20. Cyclic voltammetry results for 35 µm long nanotubes. a) Voltammogram showing the anodic and 

cathodic peaks. b) Peak separation plotted versus peak current. c) Peak separation plotted versus the logarithm of 

the peak current.  

 

For the 35 µm long nanotubes, Figure 20b, the iR-drop is the dominant factor for the peak 

separation at scan rates above 0.05 mV/s, this is shown by the linear dependence of the peak 

separation. It is not possible from this data to decide whether the iR drop or the kinetic effect 

are more dominant at rates around 0.01 mV/s because too few measurements exist. 

As the tube length is increased the iR effect becomes more and more important. This could be 

due to the increased amount of material which leads to larger problems with the conductivity. 

Electrochemical lithiation 

To be able to create microstructured electrodes with a better rate capability and better cycle 

stability composite TiO2/Li4Ti5O12 nanotube electrodes were synthesized through 

electrochemical lithiation of TiO2 nanotubes.  
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Nanotubes with a length of about 10 µm, synthesized through a two step anodization using an 

anodization time of 1.5 h, were lithiated through electrochemical lithiation. The lihiation 

process was stopped at different voltages and performed for one discharge or one cycle plus 

one discharge.  

The voltage profiles from the lithiation processes are shown in Figure 21. Figure 21a displays 

voltage profiles of lithiations performed for one discharge to a lithiation voltage of 1 V, 1.2 V 

and 1.5 V. Figure 21b shows voltage profiles for lithiations performed for one and a half cycle 

through discharge to 1 V, charge and then another discharge to 1 V or 1.5 V.  

 

Figure 21. a) Voltage profiles for electrochemical lithiation through one discharge with different ending 

potentials. b) Voltage profiles for electrochemical lithiation through one full cycle and one discharge with 

different ending potentials. 

 

The first decrease in voltage (down to ~1 V) corresponds to a continous lithiation of the 

electrode material. The bump present at around 1 V, on the other hand, corresponds to a 

different reaction which is assumed to be the creation of the LiTiO2 phase. This phase is also 

present in the diffractogram for the as-lithiated sample, see Figure 24. 

SEM 

Both as-lithiated nanotubes and nanotubes annealed after lithiation were studied with SEM to 

investigate how the electrochemical lithiation affects the nanotubes. As-lithiated nanotubes 

did not show any visible damage from the lithiation. After annealing, on the other hand, some 

samples showed big changes in morphology and were detached from the substate. 

SEM images of as-lithiated nanotubes which were lithiated through one discharge to 1 V are 

shown Figure 22. No obvious damage can be found on the tubes but some changes can be 

seen in the inner tube wall where a bright and a dark circle are present. It is also visible from 

the SEM results that there are organic electrolyte solvents left in the sample which are 

affected by the electron beam. 
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Figure 22. SEM images of as-lithiated nanotubes lithiated with lithiation potential 1V and washed in DMC. a) 

Top layer. b) Scratched tubes shown from the bottom. c) Side view of nanotubes showing the outer surface of the 

nanotubes. d) Side view of as-lithiated nanotubes. 

 

 

Figure 23. SEM images of lithiated nanotubes annealed at 600 °C in argon atmosphere. a) Crystals lying on the 

top layer of the nanotubes. b) Side view of nanotubes showing a rough outer surface of the nanotubes. c) Dense 

layer at the bottom of the nanotubes. d) Crystals placed at the dense layer at the bottom of the tubes.  
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During heat treatment in 600°C and 800 mbar argon atmosphere for 2.5 h, with a ramping of 

6°C per minute, the nanotubes detached from the titanium substrate. The lift off was not 

complete and pieces of the film were taken from the samples and analyzed on carbon tape 

with both SEM and XRD. Three samples lithiated to 1 V, 1.2 V, and 1.5 V, respectively, were 

annealed with the conditions described above; SEM images of annealed lithiated samples are 

shown in Figure 23. On the top and the bottom of the thin film, crystals with a larger diameter 

than the tubes inner diameter were present, Figure 23a and d. It is also possible to see a 

change on the surface of the individual tubes, the tube walls were more rough than for the  as-

formed and only lithiated nanotubes, Figure 23b. There is also a dense layer of 1µm thickness 

at the bottom of the tube layer, Figure 23c. Composition and origin of both the crystals and 

the dense bottom layer are still under investigation. 

XRD 

Diffraction pattern of the as-lithiated sample, seen in Figure 24, shows a presence of a new 

phase, LiTiO2, not present in as-formed nanotubes. This phase has evolved during the 

lithiation and can correspond to the bump around 1 V in the voltage profile for lithiation; see 

Figure 21.  From the diffraction pattern of nanotubes lithiated to 1 V and annealed in 600°C 

and 800 mbar argon during 2.5 h, Figure 25, it is seen that LTO is formed in the sample and a 

composite electrode consisting of LTO and TiO2 can be obtained. But under these annealing 

conditions the electrode lifts off from the substrate and can not be used in a battery. 

 

Figure 24. Diffraction pattern of a as-lithiated (1V) sample. 
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Figure 25. Diffraction pattern of a lithiated (1V) sample annealed at 600° C for 2.5 h, the electrode was not 

stable on the substrate. 

 

The lithiated nanotubes annealed at 550°C for 2.5 h in 800 mbar argon did stay stable on the 

substrate. As seen in the diffraction pattern in Figure 26 the sample contained small amounts 

of LTO. It is also seen from the diffraction pattern that both anatase and rutile are present in 

the sample. 

 

 

Figure 26. Diffraction pattern of stable thin film lithiated to 1 V in one and a half cycle and annealed at  550° C 

for 2.5 h. 
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Figure 27. Diffraction pattern of the composite electrode lithiated through one and a half cycle to 1 V and 

annealed in 550 °C for 20 h. 

 

Lithiated nanotube electrodes were also annealed at 550 °C in 800 mbar argon for 20 h. The 

diffraction pattern in Figure 27 shows that LTO is present in the sample. There are also 

residues of the LiTiO2 phase which was present in the as-lithiated samples. The TiO2 part of 

the sample consists of both anatase and rutile. The sample contains thereby four different 

crystalline phases.  

This annealed lithiated nanotube electrode was used for battery evaluation. The results are 

presented in Figure 28, and show an areal capacity of 0.25 mAh/cm
2
 at C/5, which is lower 

than the 10 µm long anatase nanotube electrode. From the voltage profile it is clear that the 

capacity from this composite electrode comes from both TiO2 and LTO since two plateaus at 

1.8 V and 1.5 V are present in the voltage profile seen in Figure 28a. The different materials 

in the electrode will undergo different lithium insertion reations which takes place at different 

potentials (versus Li/Li
+
) and thereby show two plateaus. The 1.8 V plateau originates from 

the TiO2 parts of the electrode [27],  and the plateau from the LTO at 1.55 V corresponds well 

with the expected value for the LTO [16]. 
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Figure 28. a) Galvanostatic cycling of the first cycles for the composite electrode lithiated through one and a 

half cycle to 1 V and annealed in 550 °C for 20 h. b) The charge and discharge capacity for the ten first cycles of 

the composite electrode lithiated through one and a half cycle to 1 V and annealed in 550 °C for 20 h. 

 

The capacity of the ten first cycles for the composite electrode is showed in Figure 28b. The 

first three cycles shows a big difference in capacity between charge and discharge that is 

stabilized during further cycling. 

6 Discussion 

Ultra long nanotubes 

Ultra long nanotubes with lengths up to 40 µm were synthesized and evaluated in batteries in 

order to achieve a higher amount of TiO2 and by that a higher areal capacity. Both the 

influence by the synthesis parameters on the tube length and the influence of tube length on 

battery performance will be further discussed below. 

In the anodization of nanotubes an increase of fluoride ion concentration in the electrolyte 

seems to give a well ordered top layer at 60 V, but while combined with an increased voltage 

the results is a less ordered top layer. The growth rate seems to become too high in the 

beginning of the anodization resulting in a nanotube layer with varying thickness and a less 

ordered top layer. The high growth rate is concentrated to the beginning of the anodization 

which may cause the less ordered top layer and indicate that low conductivity or diffusion in 

the oxide is a limiting factor. The increase of the fluoride ion concentration does also increase 

the etching effect of the fluoride ions which can lead to thinner nanotubes, especially in the 

top layer. Thinner tube walls is showed in reference [9] to not increase the capacity per 

footprint area.  

As the tube length is increased the adhesion to the substrate gets weaker, resulting in a more 

sensitive thin film that easier lifts off during the heat treatment at 360 °C. For the nanotubes 

grown to about 40 µm the adhesion even becomes a problem when drying the samples in a 

nitrogen flow. Some parts of the thin film may lift off or loose the contact with the substrate 

during drying. This can for some of the samples, with lengths around 40 µm, result in a 

smaller real footprint area than the one reported and used for calculations. The thin films can 
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also partially loose contact with the substrate resulting in smaller contact area between active 

material and current collector. One possibility to avoid the problem could be to use a slightly 

lower temperature, as anatase can be formed at 300 °C [13]. 

In order to improve the morphology of the long nanotubes, i.e. to obtain a smooth and ordered 

top layer several different approaches could further be investigated in the future. To decrease 

the current in the beginning, the potential could be applied gradually instead of as a potential 

step. This could avoid the current peak in the beginning of the anodization process and 

improve the ordering of the top layer of the long nanotubes through a controlled nucleation.  

When the capacity of the 35 µm long nanotubes is compared to several earlier reported 

microbatteries displayed in [9] it is clear that the ultra long nanotubes typically provide a ten 

times higher capacity compared to earlier studies. This is seen for both low and high cycling 

rates. 

Regarding the capacity the results show, as expected, that longer tubes give a higher capacity 

but the increase in capacity is not proportional to the increase in tube length for tubes longer 

than 35 µm. This indicates that the entire nanotube layer is not active in the 

lithiation/delithiation process. The porosity is here calculated from the morphology of the top 

layer of the 10 µm long nanotubes. The porosity may be different for the longer nanotubes but 

the rough surface of the 35 µm and 40 µm long nanotubes makes it unreasonable to perform 

porosity calculations on these samples. 

Longer nanotubes, 35 µm and 40 µm, show a high areal capacity at lower rates but as the rate 

is increased their performance becomes poorer and at 5C and 10C the capacity is continuously 

decreasing with cycling at high rates, this is seen in Figure 17. Already from 2C the amount of 

charge entering the battery during charging is less than the amount of charge leaving during 

discharge. This may be due to diffusion problems for the lithium ions since the pathway is 

longer than in the shorter nanotubes. As the diffusion path is increased the time needed for the 

lithium ions to travel through the material is increased and there may not be enough time for 

diffusion as the rate is increased. Since the capacity is recovered as the rate is decreased again 

a loss of material is not the explanation for the drop in capacity at higher rates. 

It is seen from Figure 17 that the battery capacity at 10C is around 0.27 mAhcm
-2

 and 0.25 

mAhcm
-2

, respectively, for the 14 µm and the 40µm long nanotubes. This could indicate that 

the 40 µm long nanotubes do not utilize more material than the 14 µm long nanotubes at a 

rate of 10C. This could also be consistent with theoretical simulations in reference [32] were 

it is shown that the highest activity is found on the top of the nanostructured electrodes. It has 

also been discussed whether the electrolyte wets the entire tubes for the ultra long tubes. 

Cyclic voltammetry experiments displays well defined peaks at low scan rates and these peaks 

correspond to the lithiation and delithiation of TiO2. As the scan rate is increased the peaks, 

especially the cathodic peak, get broader which, according to Equation 7, is an consequence 

of both electron transfer kinetics and iR effects. While the tube length is increased the iR 

effect becomes the dominant factor also at higher scan rates. The highest scan rate in this 

project is 1 mV/s which corresponds to a C-rate of 2.8C and 0.05 mV/s corresponds to C/6. At 
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scan rates between 0.05 mV/s and 1 mV/s the iR effect is the most dominant factor for the 

peak separation for 35 µm long nanotubes. The fact that the capacity is lower than expected 

may at these rates be due to the iR drop. To understand more about the capacity drop for long 

nanotubes cycled at high rates, more cyclic voltammetry investigations at higher scan rates 

are needed. Another issue for further investigations is to study the behaviour of nanotubes of 

lengths between 10 µm and 35 µm to understand where the critical length is. 

Electrochemical lithiation 

The composite electrodes were investigated in order to be able to build batteries with a better 

rate performance and better stability than for the pure anatase nanotubes. In this thesis work 

mainly different ways to synthesize the composite electrodes were investigated and discussed. 

During the heat treatment at 600 °C the thin films tend to lift of from the substrate. This could 

arise from several different steps where stress is induced in the substrate. While lithiating the 

structure, volume changes occur which induces stress, also the high temperature and the 

temperature ramping could induce stress in the film. The lift off could be avoided if the 

samples were annealed at 550 °C. When annealed for 20 h the electrode showed a clear 

composite behaviour but the sample, however, contains TiO2 in the rutile phase which do not 

have as good battery behaviour as anatase. 

The anatase phase is more preferable for battery electrodes than the rutile phase with both 

better capacity and cycling life. It is therefore a problem that rutile is formed at temperatures 

above 550 °C (anatase is formed from 300 °C [13]), but high temperature is needed to 

crystallize LTO. The rutile could possibly be one reason for why the composite shows a lower 

capacity than the pure anatase electrodes.  

During at least one heat treatment of samples lithiated to different potentials and heat treated 

at 600 °C, the lifted off layer showed a big difference from the lithiated and not annealed 

sample. Both on the top and the bottom of the tube layers very clear defined crystals were 

present. The crystals on the top are thought to be salt crystals from residues from the 

electrolyte. The crystals are bigger than the inner diameter of the tubes and therefore have to 

been formed at the bottom of the tubes. As the layers had lift off, it is also possible that the 

crystals have formed when the film had lost contact with the substrate. To really tell what 

these crystals consists of further studies are needed with element specific method with a 

higher resolution, for example transmission electron microscopy.  

The bottom of the tube layer were also covered with a 1 µm thick dense layer which also need 

an element specific method with higher resolution than SEM to tell exactly what it consists of. 

This layer can have a big influence on the battery depending on the composition. In case the 

layer consists of a non conducting oxide it could highly influence the performance of the 

battery with a worse contact between the active tubes and the current collector.  

The galvanostatic cycling of the composite electrode shows that it is possible to create a 

composite electrode of TiO2 and LTO from electrochemically synthesized nanotubes of TiO2. 

It is clear that the capacity from the electrode has contribution both from TiO2 and LTO. The 

problem with the low capacity and the rutile content is an issue for further investigation and 
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optimization. To be able to understand which phases are formed and how large amount of 

LTO that is formed, more knowledge about the lithiation and heat treatment of the TiO2 is 

needed. 

More repeated experiments and further investigations are needed to decide why the capacity 

of the composite electrode varies during the first cycles. This could for example be due to 

structure changes in the material during battery cycling. 

7 Conclusions 
This project shows that it is possible to grow TiO2 nanotubes with a length up to 42 µm that 

stay stable on a titanium foil substrate. The adhesion becomes a problem for longer 

nanotubes. The long nanotubes show a high capacity at low rates but suffer from both iR drop 

and probably diffusion problems at higher cycling rates. The highest achieved capacity at low 

rates is 1 mAh/cm
2
 for the 40 µm long nanotubes at a rate of C/5 and the highest stable 

capacity achieved at a rate of 10C is 0.25 mAh/cm
2
 for the 14 µm long nanotubes. 

It has also been shown that it is possible to create a composite electrode of TiO2 and LTO 

from electrodeposition and electrochemical lithiation of nanotubes. The composite electrode 

contains at this moment a large amount of rutile which is a subject for further studies. The 

composite electrode also shows a low capacity compared to the pure TiO2 nanotubes which 

could possible arise from a low electronic conduction in the material. 

8 Outlook 
Both TiO2 and TiO2/Li4Ti5O12 composite nanotube electrodes are promising alternatives as 

anodes for microbatteries even though they provide the researchers with a lot of issues 

interesting for further investigations. Both the capacity drop for the ultra long nanotubes at 

high rates and the heat treatment of the composite electrodes are processes that need to be 

understood before they can be optimized. The electrodes also need to be evaluated in full cells 

against different types of cathode materials and after that also in full 3D microbatteries. The 

development of 3D microbatteries is important for further development of the MEMS-

industry. It is particularly important for the development of medical implants such as 

pacemakers which requires safe and stable batteries which can stay in the human body for a 

long time. 
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