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Li4Ti5O12 as an anode material for Li ion batteries in
situ XRD and XPS studies

Tim Nordh

This thesis examines parts of the kinetics and performance in Li-battery cells using
lithium titanate anodes and lithium manganese oxide cathodes. Lithium titanate
(Li4Ti5O12) is a candidate for battery applications in automotive vehicles due to its
long lifetime and its suggested zero-strain ability. The zero-strain ability, meaning no
volume changes in the material during cycling, would allow for the high
charge/discharge rates required in electric vehicles. Two approaches of analysis have
been performed. In situ XRD-analysis was used to verify the zero-strain ability of
lithium titanate and XPS studies were used to analyze the surface chemistry of lithium
titanate after cycling. It is known that lithium titanate/lithium manganeseoxide battery
cells suffer from abnormal gas evolution and power degradation, and it is therefore of
interest to find ways to prevent this. To be able to find methods of preventing the
performance degradation deeper understanding of the kinetics are needed, since the
mechanism behind this is not fully understood. The results in this thesis strengthen
the understanding of lithium titanate as a zero-strain material. Furthermore, it is seen
that the performance degradation possibly can be avoided or postponed by ALD
deposition of aluminium oxide on the surface of the lithium manganese oxide
electrode.
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Sammanfattning 

Batterier får en allt mer betydande roll för samhällets hållbarhet, där energilagring blir allt 

viktigare. Bland de olika existerande batterikemierna har litiumjonbatterier idag den absolut 

största andelen av marknaden för bärbar elektronik. Forskning pågår ständigt för att förbättra 

litiumjonbatterierna för att kunna ta sig in på nya användningsområden där behov av 

energilagring finns. En marknad där storskalig användning av batterier är aktuell är i 

fordonsindustrin, där de kommer möjliggöra att fordonen frångår de fossila bränslena, men 

detta ställer en rad nya krav på prestanda från batterierna. 

Grundprincipen hos ett batteri är att det har en positiv elektrod och en negativ elektrod med 

en elektrolyt däremellan, och en yttre krets som kopplar ihop elektroderna. Vid urladdning så 

sker reaktioner spontant i batteriet, och den negativa elektroden frigör joner elektroner. 

Jonerna vandrar genom elektrolyten till den positiva sidan medan elektronerna leds dit genom 

den yttre kretsen. Strömmen av elektroner används som energikälla för elektriska apparater. 

Om reaktionen är reversibel när elektronerna tvingas åt motsatt håll av en pålagd spänning så 

att batteriet laddas upp igen, kallas det ett sekundärt eller uppladdningsbart batteri. 

Batterier åldras med tiden genom en serie sidoreaktioner som leder till försämrad prestanda. 

Vid tillämpning i el- och hybridbilar kommer batterierna cyklas snabbare och oftare än i de 

flesta av dagens tillämpningar, vilket skulle leda till snabbare åldring av batterierna. Det är 

därför nödvändigt att hitta nya batterimaterial som kan klara av dessa påfrestningar. 

LTO, Li4Ti5O12, är ett ämne som är intressant som nytt anodmaterial (negativt 

elektrodmaterial), istället för grafit som används mest idag. Studier gjorda på litiumtitanat 

visar på enastående livslängd och förmåga att klara höga urladdningsströmmar. Detta beror 

på att materialet inte ändrar volym när det cyklas och därmed inte utsätts för någon 

signifikant mekanisk stress.  

Ett material som anses kunna utgöra elektrokemiskt positiv motpart till LTO är LMO 

(LiMn2O4). Tester med dessa två elektroder tillsammans i en battericell visar emellertid en 

mycket snabbare försämring av batteriet än väntat. Dessa batterier förlorar ofta sin förmåga 

att leverera ström snabbt, och dessutom utvecklas gaser i batteriet. 

I detta arbete har mekanismerna bakom försämringen av batteritypen LTO/LMO undersökts, 

främst med röntgenfotoelektronspektroskopi, för att därur kunna skapa den materialkemiska 

förståelse som är nödvändig för att föreslå lämpliga förbättringar. Dessutom har en alternativ 

metod med deponering av en skyddande tunnfilm av Al2O3 på katoden i syfte att minska 

degraderingen undersökts. Vidare gjordes även en röntgendiffraktionsanalys för att verifiera 

att materialet inte skulle utsättas för någon mekanisk stress under höga strömmar.  

Resultaten som fås visar att litiumtitanaten inte utsätts för några mekaniska påfrestningar 

under cykling, samt att degraderingen av batteriet med litiumtitanat och litiummanganoxid 

kan förbättras, alternativt undvikas helt med hjälp av ett deponerat aluminiumoxidskikt på 

litiummanganoxiden. 
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1. Introduction 

1.1 New challenges for Li-ion batteries  

Lithium-ion batteries are the now dominating chemistry within battery applications, having 

60% of worldwide sales values in portable batteries.[1] Lithium-ion chemistries have the 

highest energy density among the commercialized rechargeable batteries today which 

originates from their high working potential combined with their high capacities and low 

weight [1–3]. Yet their performances are not enough for some future demands, which include 

electric vehicles, power grid load levelling, and peak shaving, which together set a new list of 

demands on batteries in terms of lifetime, power, and energy density. 

There are two types of batteries, primary and secondary, also called non-rechargeable and 

rechargeable. Primary batteries are manufactured in the charged state, discharged during 

usage and then discarded. Rechargeable cells or secondary cells are most often manufactured 

in their uncharged state, and then charged before usage. While primary cells are used only 

during their first (primary) cycle, secondary cells are used in their secondary cycles and are 

charged in between. The reaction products in primary cells are too energetically stable to 

reverse the processes; instead of reversing the original reaction, other undesired reactions 

would take place, and primary cells can therefore not be recharged.[4] 

Depending on application, the demands on the batteries differ. While a hybrid lorry truck 

needs high power battery for fast charge in order to utilize the energy that comes from 

regenerative breaking (the breaking energy is collected and stored in the battery), a pure 

electric car need high energy density to get that extra travelling distance. Having such 

different criteria on the batteries depending on application has rendered the chances of 

finding one “golden solution” that works best for every situation very small. Instead, the 

future will probably see many different battery chemistries tailored to suit specific fields of 

applications. 

The aging of materials is a substantial problem for rechargeable batteries. The active material 

can take part in unwanted side-reactions that slowly, over time, leads to capacity fading, 

thereby making the battery unable to perform adequately. This fading is dependent on the 

number of cycles that the battery undergoes. This can be a major complication for batteries in 

hybrid electric vehicle applications, since these batteries can be exposed to a lot of fast 

cycling. To get acceptable performance from these batteries their lifetime must be prolonged.  

The volume changes of the common graphite anode material are often seen as the main 

reason for aging of Li-ion batteries, due to exfoliation of graphite and other side-reactions 

directly or indirectly related to volume changes. Exfoliation is the breakdown of the graphite 

structure due to mechanical stress while the volume changes also repeatedly during cycling 

create new sites for unwanted side reactions to take place. Therefore, researchers try to find 

alternative materials to replace graphite. The problem with side reactions is not unique to 

graphite, but exists for all low potential anodes. To prevent this from happening, one needs to 

prevent or control the side reactions, alternatively use materials operating at higher potential. 
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With materials without volume changes during cycling, the mechanical stress and ultimately 

breakdown of the electrode can be minimized.  

During the search for new electrode materials, it must be taken into consideration that 

moving into the automobile industry means production of significant volumes, and therefore 

availability and price will greatly affect the choice of material. One promising material that is 

expected to fulfil all – or at least many – of these criteria is lithium titanium oxide (LTO), 

Li4Ti5O12. Titanium oxide exists in abundant quantities, has low toxicity, and more 

importantly, LTO is regarded as a zero-strain insertion/extraction material for lithium 

intercalation. This means that LTO undergoes no volume change during the insertion and 

extraction processes of lithium during battery cycling, and this contributes to the retention of 

more than 90% of its original capacity after thousands of cycles.  

LTO also has other properties that make it interesting. LTO have a working potential at 1.55 

V against lithium which is above the voltage where electrochemical decomposition of the 

electrolyte takes place for most of the common electrolytes. The electrolyte and species 

within react on the surface of the electrode, commonly the anode to form a Solid Electrolyte 

Interface, SEI. Since formation of SEI is considered to be one of the main reasons for 

capacity fading in batteries, this working potential raises hope of an electrode material that 

have longer lifetime than today’s batteries – although the higher potential also means a lower 

battery voltage, and therefore lower energy density.  

LTO is commercialized in some Li-ion battery chemistries, one of them is lithium-titanate vs. 

Lithium Manganese Oxide (LMO). The LTO and LMO materials both display stable 

electrochemical behaviour, respectively, but the combination of them suffers from gas 

evolution within the battery, and an unexplained capacity loss. The solution of this problem 

with gassing is sometimes seen as the last hurdle to overcome before LTO/LMO batteries can 

be introduced for wide commercial use.  

1.2 How a battery operates 

Many chemical reactions involve the transfer of an electron so that the involved species 

undergo a change in oxidation state; so called redox reactions. In a redox reaction, one 

species is oxidized by giving away an electron so that the oxidation state goes up and another 

species is reduced by accepting the electron and thus decreasing its oxidation state. By 

physically separating the oxidation sites from the reduction sites and leading the electrons 

through an external circuit between the reaction sites, a galvanic element (or a battery cell) is 

formed. On their way through the external circuit the electrons can perform work, for 

example power a light bulb in a flashlight. This is the purpose of all batteries: to convert 

chemically stored energy into electric energy. 

Each redox reaction has a specific voltage associated to it. There exist no practical absolute 

values for these potentials, so a relative measurement system is used instead. In this reference 

system, the potential for the equilibrium of the reaction between protons and hydrogen gas is 

set to zero:  

2H
+
 + 2 e

-
   H2(g)     (1) 
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To measure another reaction potential, an experiment is set up where (1) is defined as anode 

and the reaction of interest as cathode, and the potential between the two equilibrium 

reactions is measured. The potential for such an reaction depends on temperature, pressure 

and the activity of the reactants, and it would be impractical to tabulate all values when 

varying these factors. The standard potential is measured against (1) under a set of fixed 

variables for activity, temperature and pressure, and the measured value under these 

conditions is called the normal temperature and pressure (NTP) standard reduction potential. 

Since (1) by definition is the anode, it follows that the equilibrium being measured is denoted 

cathode and the electrode potential therefore gets the appropriate sign (+/-) assigned.  

In an battery cell, the reduction site is always called cathode and the oxidation site is called 

anode. Which electrode that act as anode and which act as cathode is decided by how their 

standard reduction potentials relates to each other, and thereby which of them is more easily 

oxidized. The electrode with the higher standard potential will act as cathode, and the lower 

potential as anode.  

The basic schematic of a battery (using a Li-ion electrolyte) is shown in Figure 1. The two 

electrodes are separated by an electronically insulating and ionically conducting electrolyte, 

while being connected by an external circuit in which the electrons flow. The electrolyte is 

normally a salt solution. If the electrolyte was not electronically insulating, the electrons 

would be transported through the electrolyte instead of through the external circuit, and the 

battery would be short-circuited, resulting in total capacity loss. Nevertheless, many 

electrolytes have some electronic conduction and even though it is low, it still exists. While 

this conduction is not enough for the battery to short-circuit and rapidly discharge, it will lead 

to a slow self-discharge over time, resulting in a limited storage time of the battery. 

 

  

Figure 1. A simple schematic of a (Li) battery with its main components: anode, cathode and electrolyte. 

Ions travel through the electrolyte from anode to cathode and the electrons through an external circuit. 
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Figure 1 displays a very simple schematic of a battery. However, there are some more 

components needed for most batteries to function practically. A schematic of a working 

battery would rather look like the one in Figure 2. The electrodes need to be mechanically 

separated, otherwise the battery would short-circuit and get destroyed. Liquid electrolytes are 

preferred due to their high ionic conductivity, but liquid electrolytes lack the mechanical 

stability to prevent contact between the electrodes. The solution to this has become to have a 

separator material, often a porous polymer or glass fibres soaked with liquid electrolyte to 

combine physical separation and ionic conductivity.  The active electrode material itself is 

often a poor electronic conductor, and the electrodes are therefore made as composites with 

additives that enhance the conductivity. The current collectors provide good contact between 

the electrode and the external circuit.[5] 

 

The following two formulas from the NTP standard reduction potential:  

O2(g) + 4H
+
 + 4e

−
  2H2O E=+1.229 V (2) 

2H2O + 2 e
−
  H2(g) + 2OH

-
(aq) E=-0.83V (3) 

show that any battery containing water only has a stable potential window between -0.83 V 

and 1.229 V without producing hydrogen or oxygen gas. Most commercial Li-ion batteries 

Figure 2. A schematic displaying a (Li) battery cell: a container with anode and cathode separated by a separator soaked in 

electrolyte; current collectors and contacts on the backside of the anode and cathode providing connection to an external 

circuit. 
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has an anode that has a working potential under -0.83 V, and it is therefore crucial to make 

sure to remove all water when manufacturing Li-ion batteries if gassing is to be avoided. 

There are several ways to specify the performance of a battery. Four common concepts 

regard energy and power. Energy can either be expressed in specific energy measured in 

Wh/kg or in energy density measured in Wh/L, also called gravimetric and volumetric energy 

density, respectively. Power is expressed in specific power (W/kg) and power density (W/L). 

The specific power/power density and specific energy/energy density of a battery can be 

altered by cell design. Thick layers of electrode material give high energy due to the 

increased amount of active material, but this also increases the length of diffusion for the ions 

in the material which, in turn, lowers the power. Vice versa, thinner layers of electrodes gives 

short diffusion paths and therefore higher power, but they contain less active material and the 

energy content is therefore consequently lowered. Thus, the improvement of one trait often 

comes at the cost of the other property. 

1.3 Components in the electrode  

The electrode in a battery is often a composite of several materials; the three main 

components being the active material, the electronic conductor, and the binder. The active 

material is the material that takes part in the redox reaction that generates the current in the 

battery. The active material often lacks the sufficient electronic conduction to be able to work 

as an electrode by itself, and therefore a electronic conductor is added. Since the active 

material and conductive enhancer are mixed in powder form, a binder is added to make the 

electrode hold together. In this thesis, the active material constitutes 75% of the total weight, 

the conductive enhancer 10% and the binder the remaining 15%. The electrode mixture is 

applied onto the current collector in the manufacturing process and is therefore inseparable 

from it. In this thesis work, aluminium is used as current collector for the cathode and copper 

for the anode. 

1.4 Lithium-ion battery chemistry 

Ever since the commercialization of rechargeable Lithium-ion batteries in the early 1990’s, 

lithium-based chemistries have had an ever growing share of the global battery market. This 

is because lithium has some much desired chemical and physical properties. First, lithium is 

the most electronegative element in the NPT standard reduction potential series with a 

negative electrode potential of -3.05 V.  This makes it possible to manufacture batteries with 

cell voltages up to 6 V, although 3-3.5 V is the most common voltage range for a lithium 

battery. The high voltage results in the battery being able to perform more work with the 

same amount of charge carriers, i.e., the battery has higher specific energy than an equivalent 

cell with lower voltage. Second, lithium is one of the lightest and smallest elements in the 

periodic table. This makes it easier to construct both lighter and smaller batteries, and lithium 

consequently has a higher gravimetric and volumetric energy density than an equivalent cell 

with a heavier element. The small ionic radius also makes it comparatively easy to find good 

intercalation materials (see below) for lithium. 

Pure lithium metal would yield the highest volumetric and gravimetric energy possible for 

lithium batteries. Lithium metal in itself is electronically conductive and has good mechanical 
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properties, so no additives are needed. With less diluents in the battery, it has higher specific 

energy. However, using metallic lithium poses a big problem in secondary cells. Upon 

charging, when moving lithium back to the metallic lithium foil, dendrite formation can be 

observed. Upon repeated cycling these dendrites can grow over to the positive side of the 

battery and thus short-circuit the entire battery, with a possible explosion as a result in a 

worst case scenario. This safety issue is too large to be ignored, and therefore an alternative 

source of lithium needs to be used. When solving the problem with dendrites associated with 

metallic lithium, many alternative paths were explored, and the most promising results came 

from intercalation compounds. An intercalation compound works as a host matrix in which 

the lithium-ions are stored. The host material’s overall structure is not changed when 

inserting lithium in an intercalation compound; the lithium instead finds holes in the structure 

where it can be stored.  

One of the most common negative electrodes used in batteries today is graphite. The carbon 

atoms in graphite are ordered in fine layers that are held together by van der Waals bonds. 

The lithium atoms can then move in between these layers and be stored (see Fig. 3) in the 

centre of a carbon ring, thus enabling one lithium to be stored for every six carbons; i.e, 

forming LiC6. The intercalation materials do generally not experience dendrite formation so 

that this safety problem is solved, but specific energy and power are sacrificed by this 

solution. 

 

Figure 3. A schematic of the electrode materials in a Li-ion battery, using a lithium metal oxide cathode and a 
graphite anode. Lithium is intercalated between the graphite layers when the battery is charged and in the 
oxide host structure when discharged. 
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Most common lithium-ion batteries have graphite as anode, working at -2.5 V vs. the 

standard hydrogen electrode, and another intercalation material, commonly a transition metal 

oxide, as cathode working around +1.0 V. Having one electrode working at -2.5 V and the 

other at +1.0 V give a total of 3.5 V potential window in which the battery operates. This is 

indeed a large potential window for the electrolyte to remain chemically stable from both 

oxidation and reduction reactions. In fact, most electrolytes are not stable over the whole 

potential window in Li batteries [6]. What most commonly happens is that the anode will act 

as a catalyst on which the electrolyte and the organic salt in the electrolyte reacts to form new 

substances on the anode surface. This new layer passivates the electrodes surface, preventing 

further reactions in the electrolyte.  This layer is called the Solid Electrolyte Interface (or SEI) 

layer. In Fig. 4
1
, a possible combination of materials in a SEI layer on graphite is presented, 

with its typical thickness. SEI is beneficial for the battery in the sense that it passivates the 

electrode from reacting with the electrolyte, but it also has some drawbacks. Ion diffusion can 

be considerably lowered by the SEI layer, thus reducing the maximum power that can be 

extracted from the battery. Formation of the SEI layer also consumes active material, thus 

reducing the battery’s capacity. Furthermore, during intercalation and deintercalation, the 

host materials often undergo volume changes. These volume changes will form cracks in the 

SEI and new SEI will form in those cracks. Upon cycling, this is repeated over and over, 

slowly reducing the capacity.[5,7] 

1.5 Materials in lithium-ion batteries 

To the end user it may sometimes seem like there is only one type of lithium-ion battery, but 

the fact is that there are several different chemistries of lithium-ion cells. The standard anode 

in most commercial cells today is graphite. However, the cathode material and electrolyte 

varies substantially in the cells, together with the composite formulation of the electrodes, the 

particle sizes of the active material, etc. This thesis will not provide an in-depth description of 

all these chemistries, but Table 1 presents a short summary of the most common cathode 

materials with their benefits and drawbacks.[8] 

 

                                                           
1
 Source John Owen, University of Southampton, original source unknown. 

Figure 4. A possible composition of the SEI layer on the graphite anode in a Li-ion battery 
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Table 1. The most common cathode materials in Li-ion batteries. 

 

The electrolytes in commercial cells have a number of additives to enhance their performance 

and safety, the specific recipes for most commercial electrolytes being well-guarded secrets. 

In general, most commercial electrolytes contain organic carbonates and lithium salts, where 

LiPF6 is the most commonly used salt. 

 

Graphite is commonly used for its relatively good performance at a low cost, but to meet the 

battery requirements of tomorrow, more and more studies are being made on alternative 

anode materials to enhance the overall performance of Li-ion batteries. One possible anode is 

Li4Ti5O12: Lithium-Titanate Oxide, LTO. The LTO material has been known for a long time, 

but has gained an increasing amount of recognition in recent years. LTO was studied in 

superconductor research in the 1980’s [9], and it was then found that LTO intercalates 

lithium in a reversible process. Later studies found that LTO is a zero-strain material [9,10], 

which in theory should allow very high charge/discharge currents. If no volume change takes 

place, the charge/discharge process is not limited by movement within the material, and thus 

nothing should block the ionic diffusion paths, which in turn would mean that high capacity 

can be achieved also for high currents. LTO displays excellent cycling stability and power 

delivery, which would make an ideal component in a hybrid electric vehicle battery.  

 

After practical testing of cells with LTO vs. LMO (Lithium Manganese Oxide), it was found 

that this type of cells experience gas evolution inside the battery. This gas builds up an 

internal pressure which forces the electrodes apart and can ultimately lead to a total 

breakdown of the battery cell. The basic mechanism is associated with components in the 

electrolyte. LiPF6 is (as stated above) a common salt used in the electrolyte, and in solution 

LiPF6 is in equilibrium with Li
+
, PF6

−
, LiF, and PF5 [11–13]. PF5 is a strong Lewis acid, 

Name Formula Short name Abbreviation Benefits Drawbacks 

Lithium Cobalt 

Oxide 
LiCoO2 Li-Cobalt LCO 

High energy 

density 

Short life; limited 

load capabilities 

Lithium 

Manganese 

Oxide 

LiMn2O4 

Li-

manganese / 

Spinel 

LMO 

Very safe; 

high specific 

power 

Limitations in 

lifetime, can be 

improved by 

design 

Lithium Iron 

Phosphate 
LiFePO4 

Li-

phosphate 
LFP 

Most safe; 

long lifetime; 

no exotic 

elements 

Fast self discharge; 

comparatively low 

voltage 

Lithium Nickel 

Manganese 

Cobalt Oxide 

LiNixMnyCozO2 

(10-20% Co) 
NMC NMC 

Good safety; 

excellent 

specific 

power; good 

lifetime 

Difficult to 

manufacture 
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which can initiate decomposition of the carbonate species in the electrolyte and form gas, 

mainly CO2 and CO. Furthermore, HF can be formed by reactions between PF5 and water 

residuals in the electrolyte, where after HF dissolves Mn
2+

 from the surface of LMO [12]. 

Gas evolution is not unique to LTO/LMO cells; what differentiate LTO/LMO cells is that an 

unusual amount of gas has been found in these cells compared to cells with LTO vs. other 

cathodes, for example Lithium Iron Phosphate (LFP). It has also been found that an unusual 

amount of hydrogen gas was produced, which could not be explained by the above mentioned 

mechanism. I. Belharouak et al.[14] suggest that the degradation mechanism in LTO/LMO 

cells is not a result of gas evolution, but rather a reaction between dissolved Mn
2+

 and LTO 

which forms a passivation layer on the anode, increasing the internal resistance, ultimately 

leading to a total loss of power. Power is voltage multiplied by current, and as the internal 

resistance increases, the voltage for the battery drops, since it is required to overcome this 

internal resistance.  I. Belharouak et al. also published an article were they presented results 

strengthening this theory [14]. To overcome the problem with performance degradation in 

LTO/LMO cells, the mechanism of degradation must be profoundly understood.  

1.6 Lithium titanate 

Lithium titanate works as an anode material by going from Li4Ti5O12 to Li7Ti5O12 during 

charge. The following reaction formula also shows were in the structure the changes occur 

(for more detailed explanation see reference [15]): 

(Li)8a(Li0.33 Ti1.67)16dO4+ e
-
+ Li

+
   (Li2)16c(Li0.33 Ti1.67)16dO4  (4) 

Both Li4Ti5O12 and Li7Ti5O12 have the space group Fd m, but the Li4Ti5O12 has a spinel 

structure and Li7Ti5O12 has an ordered rock salt structure. The lattice parameter changes 

from 8.3596 to 8.3538 Å during cycling, which is less than 0.1% [9]. Lithium titanate has a 

working potential of 1.55 V vs. lithium, which is rather high for a material working as a Li-

battery anode. Having the anode working at such a high voltage will limit the batteries to a 

working potential of around 2.5 V instead of the usual 3.5 V, thus sacrificing specific energy 

in the battery. One positive effect is that the high working potential of LTO stays inside the 

electrolytes stability window, and thus little SEI will form. Formation of SEI leads to an 

irreversible capacity loss due to e.g. consumption of active material, i.e., thick SEI layers are 

generally negative. The amount of SEI formed depends on the surface area of the active 

material, which generally hinders the use of nano-structured materials in the electrodes, since 

these would have a too high loss of capacity due to SEI formation. If LTO is passivation free, 

this opens up the possibility to make the electrode nanostructured, which would enhance the 

specific power and operation abilities of the anode due to shorter diffusion paths and larger 

reaction areas. The higher working potential of lithium-titanate should also allow using 

aluminium as anode current collector instead of copper, which would reduce the cost of 

manufacturing and it also increases the safety of the battery. A working potential close to that 

of metallic lithium risks the formation of metallic lithium on the surface of the anode, and 

thus also the possibility of dendrite formation which is a potential hazard (as explained 

above). 

LTO has a working potential of 1.55 V vs. lithium and LMO has a working potential of 

around 4 V vs. lithium. Therefore, a cell with LTO vs. LMO will have a voltage plateau 

around 2.5 V. LTO shows excellent cyclability with a capability to be cycled several 
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thousand cycles and still retain over 80 % of its initial capacity (80% of initial capacity is a 

commercial guideline to benchmark against; when the battery falls below 80% of its initial 

capacity it is seen as exhausted and is discarded). Lifetime is seen as a very important factor 

when building batteries; longer lifetime decreases the total cost per Ah delivered from the 

battery. This is seen as one of the stronger advantages of the LTO material, rendering it 

especially suitable for hybrid vehicles which cycle their batteries a lot. Furthermore, the 

property of being a zero-strain material makes LTO one of the anode materials with highest 

rate capability available. This is also a big advantage in the automotive industry, where large 

vehicles need to accelerate and decelerate by regenerative breaking, i.e.,  using high current 

rates [16–20]. 
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2. Aim of thesis 

This thesis contributes to the study of the LTO material by specifically investigating the 

surface of LTO from cells combining the LTO and LMO materials, and stresses in LTO half-

cells during cycling. Half-cell is an expression used when an active material is tested using 

metallic lithium as counter electrode.  Within this thesis work it has been assumed – in 

accordance with Belharouak et al. [14] - that the mechanism behind degradation in 

LTO/LMO batteries is that manganese dissolves into the electrolyte and diffuses to the LTO 

electrode, where it reacts and is responsible for the degradation of the battery, also possibly 

being responsible for the unusual high production of gas found in this type of cell. The 

primary aim of this thesis has been to verify if manganese migrate to the LTO surface 

according to this theory, and also if a thin aluminium oxide coating on the LMO electrodes 

can be used to prevent this. Al2O3 coatings have previously shown to generate beneficial 

properties for Li-ion battery electrodes. A secondary objective has been to validate if LTO 

really is a zero-strain material. Both analyses were performed in the context of using 

LTO/LMO cells for automotive applications such as hybrid vehicles.  

For analysis of the electrode surfaces, X-ray Photoelectron Spectroscopy (XPS) was chosen 

as analytical method. XPS is a surface sensitive analytical method, looking only at the top 

few nanometres of the surface and can detect substances at very low concentrations. A 

strength of XPS analysis is that it detects binding energy and from that it can be derived what 

compounds are present, not only elements. 

For the verification of stresses in the material during high currents, in situ X-ray diffraction 

(XRD) was chosen as analytical method. XRD can be used to detect changes in lattice 

parameters in a crystalline material. In situ studies have previously been done on the LTO 

material with low charging rates and only to verify the two-phase formation in LTO. The cell 

parameters of LTO were then verified to differ less than 0.1% [9], which would suggest that 

LTO is a zero-strain material. In this thesis it is of interest to know if this property is retained 

when higher charging rates are used. 
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3. Analytical methods and theory 

3.1 XRD 

X-ray diffraction (XRD) is an analytical method in crystallography. Historically, it started out 

as a way to determine the atomic structure of a crystal, but can today be used to determine a 

lot more information, [21] e.g. cell parameters, distortions, tensions and crystal size is now 

information obtainable though XRD. When sending an X-ray into a sample, the ray will be 

scattered by its atoms. An X-ray beam which hits an atom is scattered in all directions. Beams 

scattered from different atoms but in the same direction will have travelled different distances 

and will therefore be out of phase with each other when reaching a defined point, for example 

a detector. These scatterings will interfere and give rise to a wave which is a convolution of 

the scattered waves. In a liquid sample, the atoms position is totally random and therefore the 

resulting scattering will also be random. This will give rise to a soft glow over the whole 

detector if positioned behind the sample with respect to the incoming beam.  But when the X-

ray beam hits a crystalline sample, reflections occur only at defined angles. This phenomenon 

was discovered and explained by William Lawrence Bragg and William Henry Bragg, father 

and son, who shared a Nobel Prize in 1915 for their discoveries. 

 

 In a perfect crystal, there are an infinite number of ordered atoms. All these atoms form a 

number of virtual lattice planes, with a given distance between them. These planes reflect the 

incoming X-rays in an ordered fashion. The extra distance travelled between the reflected 

waves from two neighbouring planes is denoted D in Figure 5 and is made up of one of the 

sides in two identical right angle triangles and can therefore be calculated by: 

 D=2dsinθ      (5) 

where θ is the angle of incidence to the plane, d the distance between the planes and D the 

total extra distance travelled (see Figure 5). Only when D is equal to a whole number of 

wavelengths, so that complete constructive interference occurs, there will be a diffraction. 

This is expressed by what is known as Bragg’s law:  

Figure 5. Incoming rays diffracted by atomic planes, showing the relation in Bragg’s law. Bragg’s law is fulfilled 

when D is equal to a whole number of wavelengths; then all the diffracted rays will be in phase with each other. 
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2dsinθ=nλ       (6) 

where λ is the wavelength and n is an integer, since Bragg’s law is fulfilled when D is equal 

to any number of whole wavelengths. For all other angles, there will be diffractions from a 

plane deeper down in the crystal leading to a complete destructive interference, effectively 

extinguishing diffractions in all other angles. Therefore, the requirement of Bragg’s law is 

fulfilled only when the material is ordered. Amorphous materials, on the other hand, have a 

short range order that can give rise to diffraction, but those signals are random and give less 

information about the structure of the material.  

Sending X-rays into a single crystal will yield point reflections fulfilling Bragg’s law. But 

when analyzing powder samples, there will be crystals in every orientation, therefore 

generating diffractions in every angle that can fulfil Bragg’s law with respect to the incident 

beam, symmetrically around it, giving rise to cones of diffracted light (see Figure 6). In the 

setup of an XRD experiment, all variables except the lattice parameter is known, so that the 

lattice parameters can be calculated from this data. Since the diffraction angle is dependent 

on the lattice parameter, any changes in volume or stresses in the material will be visible in 

the diffraction pattern. A change in lattice parameter will result in the diffractions shifting the 

angle in which they are diffracted. The shift in angles has been studied before for the 

transition of Li4Ti5O12 to Li7Ti5O12 [17], and almost no shift has been found. However, there 

can still be shifts during cycling. If the material is stressed, i.e., distorted in any way during 

battery charge or discharge due to ionic or electronic transport, this could result in a 

diffraction peak broadening instead of a shift. A uniform strain would temporarily shift the 

diffraction peaks and unless this happens in all of the material at the same time, the resulting 

diffraction would be a convolution of the shifted and original diffraction peaks, which would 

be broader than only the original peaks. A non-uniform stress would allow Bragg’s law to be 

fulfilled at many angles close to the original diffraction peaks, resulting in broader diffraction 

peaks.[21] 

 

Figure 6. An illustration of X-ray diffraction from powder samples, which generate cones of diffracted X-rays. In the 

powder, there are crystals oriented at every possible direction and Bragg’s law will therefore be fulfilled at every 

angle. 
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3.2 XPS 

When illuminating a sample with photons, there is a chance that photons interact with 

electrons in the sample. The total photon energy is absorbed by the electron, transferring the 

atom into an excited state. The electron can be emitted from the sample if the photon energy 

is large enough, called the photoelectric effect. The emitted electron will have a specific 

kinetic energy equal to the energy from the photon minus the binding energy. This 

relationship can be rewritten as: 

 Ebinding = Ephoton – Ekinetic      (7)  

Since quantum physics dictates that binding energy depends on atom type and neighbouring 

atoms, this gives that the binding energy is unique for all core electrons in every species 

giving every compound a unique “fingerprint” that can be used to identify them. This method 

is called X-ray Photoelectron Spectroscopy, or XPS for short.   

Figure 7 shows a basic setup for an XPS experiment. A photon beam of known wavelength is 

focused on a sample, knocking out electrons which are detected by a detector positioned 

beside the sample. The electron detector cannot determine the energy of the electrons itself, 

and it is therefore necessary to lead the electrons through a filter, also called analyser, so that 

the energy of the detected electrons becomes known. Since the analyser involves long flight 

paths for the electrons, ultra-high vacuum (UHV) is required. 

 

The analyser used in this thesis work is a hemispherical analyser. The hemisphere consists of 

two domes of stainless steel with a constant voltage applied between them. This electric field 

makes the electron paths curve when moving inside it. The curvature of the electron is 

dependent on the charge and kinetic energy, and only electrons with a specific energy will hit 

Figure 7. The basic setup for an XPS analysis. An X-ray source is focused on a sample and the incoming x-rays knock 

out electrons, which thereafter passes through an analyzer and into a detector. 
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the curve which let them reach the detector, thereby effectively filtering away all other 

electrons. Before the hemisphere, a electronic lens system is placed; see Figure 8. 

 

Figure 8. A schematic of an XPS analyser. The electrons escaping from the sample pass through a lens system which 

controls the energy of the electron, then continues through the analyser which filters away all electrons but the ones 

with a specific energy. After passing through the analyser, the electrons enter an electron multiplier which enhances 

the signal to the detector. 

 

The lens system focuses the incoming electrons and can subtract or add energy to the electron 

through an applied voltage. By adding energy to the electrons escaped from the sample, they 

reach sufficient energy to pass through the filter. By varying the voltage in the lens system, 

i.e., varying the added energy to the electrons, it can be controlled what energy range that is 

analysed and sweeps over different energies can be made. After the analyser, an electron 

multiplier is placed to enhance the signal from the sample. A computer connected to the 

detector and accelerator then calculates the binding energy (Ebinding) for the electrons reaching 

the detector and how many counts the detector gets. Thereafter, a plot of counts vs. binding 

energy can be generated; see Figure 9.  A peak indicates that more electrons with this specific 

Ebinding are present in the sample, and it therefore contains an element with an orbital in this 

region. The binding energies for all elemental orbitals have been calculated and are tabulated, 

and by comparing results with tabulated data, an indication of the elements present in the 

sample can be achieved.[22]  
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Figure 9: An example of an XPS spectrum, plotting counts vs. binding energy. 

 

3.3 Galvanostatic battery cycling 

Galvanostatic battery cycling is used in this thesis as the main electrochemical method to 

cycle and evaluate the performance of the batteries. However, since its role in these studies is 

less crucial, it will here only be explained briefly. There are two major ways to cycle batteries: 

by sweeping voltage or constant current. Galvanostatic battery cycling uses constant current. 

This means that a constant current is forced through the battery and the change in voltage is 

monitored. The magnitude of the current is selected by the operator, and this current will be 

forced through the sample until a predetermined voltage is reached. Thereafter, the flow of 

current is reversed and maintained until another specified voltage is reached. This gives a plot 

of voltage vs. time, and changes in electrochemical behaviour over time in the battery can be 

observed by comparing the electrochemical behaviour in later cycles with the first cycles. 

One cycle corresponds to one charge and one discharge of the battery. 

3.4 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was performed as an introductory analysis to get a 

visualization of the samples. SEM works by bombarding the sample with high energy 

electrons that knocks out electrons in the sample and having a detector counting the electrons 

knocked out, called secondary electrons. Secondary electrons have low energy and are easily 

stopped, and therefore the analysis method is very sensitive to topography.  By computing the 

data received by this method, a visual representation, i.e., a micrograph, of the sample can be 

generated. These pictures are not of great importance for the results in this thesis, and 

therefore no in-depth description of SEM theory will be made here. 
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4. Experimental 

In this thesis work, the anode electrodes were commercially bought from Leclanché SA, 

France. The cathodes of LMO were made in-house by Henrik Eriksson, research engineer at 

the battery-lab at Uppsala University, while the actual assembly of the cells has been made by 

the author. The electrodes bought from Leclanché were in the form of sheets of copper with a 

layer of active material on them; copper then being the current collector. The electrodes 

delivered by Eriksson were also in the form of sheets, but of aluminium coated with LMO, 

binder and additives. From these sheets, 3.14 cm2 coin cells were punched out. The coin cells 

were transferred to a glove-box where they were dried in a vacuum oven in 120 °C for 12 

hours. The glove-box held oxygen and water levels below 10 ppm at maximum (normally 

below 5 ppm). The dried LTO electrodes were assembled into cells with lithium metal or 

LMO as counter electrodes (so called half-cell and whole-cell, respectively) with an 

electrolyte soaked separator in between; see Figure 10.  

 

The separator was Solupor®, a solid polymer which has been stretched so that micron sized 

cracks has formed, allowing electrolyte to fill those voids. The electrolyte was ethylene 

carbonate: diethylene carbonate (EC:DEC) in 2:1 ratio with LiPF6 salt at a concentration of 1 

M. Nickel was used as contact for the lithium anode in the half-cell, and aluminium was used 

for the cathode in the half-cell. For both the cathode and anode in the whole-cell, aluminium 

was used as contact. The cells where sealed in vacuum pumped plastic “coffee-bag” pouches. 

The coffee-bag is a double layered polymer with aluminium in between which act as a 

diffusion barrier. 

When cycling the batteries, an Arbin BT-2043 unit was used. The whole-cells were cycled in 

a rate of C/10
2
. The instrument uses constant current to cycle the samples and monitors the 

voltage. The user decides at which voltages the instrument should reverse the current. In this 

                                                           
2 C is nomenclature in electrochemistry which stands for one full charge/discharge in one hour. C/10 would then be a full 

charge/discharge in 10 hours. 

Figure 10. The experimental setup of a battery cell used in the thesis work. Two coin-cell electrodes with an 

electrolyte soaked polymer separator in between, are vacuum sealed in a coffee-bag pouch while contacts allow for 

connections to an external circuit. 
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thesis work, the whole-cells were cycled between 1.5 V and 2.7 V. The samples for SEM 

analysis were never cycled, only stored after drying until analysis. 

For XRD measurements, two half-cells were prepared, one which was completely untreated 

electrochemically and one which was cycled for ten full cycles at C/10. As source of X-rays, 

a synchrotron source was used. The testing was done at the Maxlab facility in Lund, Sweden, 

at beam line 711. The XRD studies were made in situ, i.e., the cell was mounted onto a 

sample holder without being opened, where it was exposed to X-rays through the coffee-bag. 

Therefore, the diffractogram displayed reflections from all materials present in both the cell 

and its container. The cell was connected to a potentiostat during the measurements so that it 

could be cycled while collecting X-ray data. A potentiostat applies a constant voltage over 

the cell, so that the cell charges/discharges as fast as possible to reach that voltage. Since the 

current was not controlled, it cannot be said what C-rate it reached, but the battery came close 

to the set potential in the first 20 minutes of the experiment, which then would be close to 6C. 

If this data is to be relevant, a synchrotron source is needed, since high time resolution is 

necessary if the battery discharges fast. A conventional X-ray diffractometer cannot yield 

high enough intensity for the high energies used in this experiment to achieve the time 

resolution needed. For the experiments in this thesis, a wavelength of 1 Å was used. 

For XPS measurements, more samples were prepared. First, two regular whole-cells of 

LTO/LMO were cycled at rate C/10 for 14 and 20 cycles, respectively. Second, two cells 

were prepared with LTO coupled against LMO coated with a thin layer of aluminium oxide 

on the electrode surface, both being cycled at C/10 for 16 and 20 cycles, respectively. The 

aluminium oxide layer where deposited by the Nanexa AB company via Atomic Layer 

Deposition (ALD). Nanexa guarantees a layer thickness of aluminium oxide of 15-20 nm. 

This was done to investigate if the aluminium oxide layer can encapsulate the manganese, 

preventing it from dissolving into the electrolyte. Third, some reference samples were made 

consisting of two half-cells cycled one cycle and stopped in their delithiated state, and two 

half-cells cycled one and a half cycle and stopped in their lithiated state. Furthermore, some 

“blank” samples were prepared that were merely two dried electrodes stored in a vacuum 

pumped pouch, and two dried electrodes stored with electrolyte and lithium, assembled in 

cell configuration but without current collectors. The XPS measurements were done at the 

Figure 11. Sample holder used for the XPS experiments. The samples are taped onto the holder with copper tape. 
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Maxlab synchrotron source in Lund, at beam line 411. At the Maxlab facility, the samples 

were prepared in a glove-box before measurement. The glove-box had no analyser for oxygen, 

but the water levels were constantly below 5 ppm throughout the procedure. The cells were 

opened with a pair of scissors and the electrodes taken out with tweezers. Then the electrodes 

were cut to fit onto the sample holder and thereafter taped to it with copper tape; see Figure 

11. This sample holder where then mounted in an air tight magnetic rod. The rod was used to 

move the samples from the glove-box to the XPS equipment without exposing it to air. When 

mounted to the XPS equipment, vacuum was pumped in the magnetic rod before the samples 

were transferred into the analysing chamber. 
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5. Results 

5.1 SEM 

When beginning the analysis of a material, it is good to know as much as possible about the 

samples. Some SEM micrographs where taken of the lithium-titanate to get a visiual 

representation and understanding of the samples. In Figure 12, four pictures of an LTO 

electrode with increasing magnification is shown. From these pictures, it can be seen that the 

sample surface is very flat and by visual estimation the grain size is approximated to be ca. 

100 nm, with the grains evenly distributed over the sample surface. The dent that is seen in 

Figure 12 A is from the tweezers used when mounting the sample onto the sample holder. It 

can be seen that there does not appear to be anything else than electrode material present, so 

it can be assumed that there will be no signals from foreign materials in the other analyses. 

 

5.2 Results XRD 

As previously stated, the XRD experiments were done on the entire cell during cycling of it. 

Therefore, there will be signals from all parts of the battery. In Figure 13, a diffractogram 

from the un-cycled LTO half-cell (from before the potentiostat were turned on) can be seen. 

The first step here is to identify the different diffraction peaks in order to be able to obtain 

information about the sample. In the titanate half-cell battery, diffraction peaks from titanate, 

aluminium (from the coffee-bag) and lithium are expected, and also some from the semi-

crystalline polymer pouch. If the contact of the anode would be in the X-ray spot, there could 

be diffractions from nickel too. 

Figure 12. SEM micrographs of LTO electrodes with increasing magnification 

from A to D. 
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Data for all these substances where collected at the Inorganic Crystal Structure Database [23] 

and were then drawn into the diffractogram to see where these diffractions would appear; see 

Figure 14.  

 
Figure 14. Comparison of an experimental and a theoretically generated XRD diffractogram for an LTO half-cell. 

Figure 13. XRD diffractogram generated in-situ from an LTO half-cell. 
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Three of the reference diffraction peaks correspond nicely to peaks in the diffractogram, and 

can be determined to be titanate [2 2 0], titanate [2 2 2] and Al [1 1 1]. The two diffraction 

peaks between 12 and 16 degrees in the diffractogram could not be identified with the 

references from the crystallographic database, but are assumed to belong to the polymer bag 

[24], which also is the cause of the large background in this area. The fact that no lithium is 

seen in the experimental diffractogram, even though it is known that lithium is present, is not 

very surprising. This is due to the fact that lithium foil is used. This foil contains large 

crystals and the probability for those crystals to be oriented in the right angle to give rise to 

diffraction is very small.  

After mounting the sample, the XRD equipment was turned on so it continuously produce 

diffractograms of the sample. During the sampling of diffractograms, the half-cell was cycled. 

The experiment was divided into four parts: (i) charge and (ii) discharge of cell No. 1, (iii) 

charge and (iv) discharge of cell No. 2, where cell No. 1 is an un-cycled half-cell and No. 2 is 

a pre-cycled half-cell Each analysis was set to run for one hour and yielded about 250 

diffractograms. The titanate diffraction peaks in all diffractograms were then curve fitted to 

find the peak width, since any stress in the material during cycling would yield a diffraction 

peak broadening due to shifts in the lattice planes [21]. The curve-fitting was done in the 

mathematical program Igor, which gives the half width at half maximum for the diffraction 

peaks; see Figure 15. 

 

A script in Igor was made to curve-fit the titanate diffraction peaks at 11 degrees ([2 2 0]) and 

23 degrees ([2 2 2]). The script curve-fits the diffraction peaks for all diffractograms in one 

analysis step, then it plots the acquired diffraction widths against their respective 

diffractogram numbers, which is related to the time at which they are taken and thus to the 

battery’s state of charge. In Figure 16, the results from the [2 2 0] titanate diffraction in the 

Figure 15. Illustration of the half width/half max of a diffraction peak, obtained computationally from experimental 

data. 
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un-cycled sample during charge are shown, with diffraction width on the y-axis and the 

number of the diffractogram on the x-axis. The black line represents the diffraction width and 

the blue and green lines the average width plus or minus one standard deviation for the 

analytical method. Figure 17 shows the titanate [2 2 2] reflection for the same sample, and the 

same analysis. 

  

Figure 16. Peak-width variation during the charge cycle for the second lithium-titanate (LTO) peak ([2 2 2]) in  

LTO half-cell No. 1.  

 

Figure 17. Peak-width variation during the charge cycle for the first lithium-titanate (LTO) peak ([2 2 0]) in  

LTO half-cell No.1.  
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Figure 18: Peak-width variation of the [2 2 0] peak of LTO in all four cell setups studied. 

 

It can be seen in these results that all variation is almost completely within the standard 

variation, and can therefore be considered statistical noise. No general trend of significance 

can be seen for the variation in diffraction width with state of charge for the battery, which 

strengthens the idea of mathematical noise. Moreover, four analyses were made: (i)-(iv). To 

see if these samples exhibited a similar behaviour, their changes in diffraction width are 

plotted in the same graph. In Figure 18, the results for titanate diffraction peak [2 2 0] from 

all four analyses are plotted, and in Figure 19 the results for titanate diffraction peak [2 2 2]. 

Neither of them reveals any similar general trend between the samples, and this suggests that 

no systematic stress takes place in the material during electrochemical activity. In other 

words, the results suggest that LTO in fact has zero-strain abilities during cycling in 

accordance with previous studies [25,26].  

 

Figure 19: Peak-width variation of the [2 2 2] peak in all four cell setups studied. 
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 5.3 Results from XPS 

The purpose of the XPS studies was to study the surface chemistry of the samples to see whic 

changes that occurs. First, an overview spectrum of a reference sample was gathered; see 

Figure 20. The sample used as reference is a piece of the commercial electrode used in this 

work, which has been dried and then stored in a vacuum sealed pouch. In this reference, a 

very strong peak from fluorine is seen. This fluorine peak probably originates from the 

electrode binder, which is usually PolyVinylidene Fluoride (PVdF), and is seen in all samples. 

Since it gives such a strong signal, this peak was used to verify that the photon beam was on 

the sample, since no fluorine peak showed up when the photon beam only hit the sample 

holder. Table 2 shows the nomenclature of the samples analyzed in the XPS studies. 

 

Table 2. Nomenclature of the investigated samples. 

Name   Type of cell  

Li_foil Li-foil from half-cell with untreated LMO 

LMO_alo_ref Coated LMO stored dry 

LTO_e10 LTO, from half-cell. Analyzed in the delithiated state. 

LTO_e15 LTO, from half-cell. Analyzed in the lithiated state. 

LTO_hf_1 LTO, from half-cell. Analyzed in the delithiated state. 

LTO_Ref LTO, stored reference. Stored dry. 

LTO_wc_1 LTO, from whole-cell with untreated LMO. Analyzed in the delithiated state.  

LTO_wc_2 LTO, from whole-cell with untreated LMO. Analyzed in the delithiated state. 

LTO_wc_alo_1 LTO, from whole-cell with coated LMO. Analyzed in the delithiated state. 

LTO_wc_alo_2 LTO, from whole-cell with coated LMO. Analyzed in the delithiated state. 

LTO_wc_lfp_1 LTO, from whole-cell with LFP. Analyzed in the delithiated state. 

LTO_wc_lfp_2 LTO, from whole-cell with LFP. Analyzed in the delithiated state. 

LTO_Wref LTO, stored reference. Stored within the presence of lithium metal, separator 

and electrolyte. 

 

Figure 20. XPS spectrum of the lithium-titanate (LTO) reference sample. 
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In Figure 21, all overview spectra are plotted in the same graph to give an overview of all 

samples. It is seen that no very fundamental changes takes place, but there are small changes 

indicating that the surface chemistry indeed do change between the samples.  

 

                      Figure 221. XPS spectra of all investigated  LTO surface samples. The peaks have been shifted on the                                                                                                                                  

y                    y-axis to more easily differentiate them from each other. 

 

Figure 21. XPS spectra of the manganese 2p peak of all investigated LTO samples. 
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The area of primary interest for this thesis work is the region of the manganese peaks. The 

region of the manganese 2p orbitals at 635-670 eV binding energy was chosen for closer 

studies. In this region, the 2p orbital gives rise to 2 different peaks due to spin correlation. 

Figure 22 shows all spectra of the different samples in this region. Here it is seen that Mn2p 

peaks clearly shows up on the LTO_wc_1 electrode. The signal from LTO_wc_1 is large and 

easily identified. Figure 23 shows an enlargement of its spectrum. 

 

Figure 23. XPS spectrum displaying the Mn2p peak of sample LTO_wc_1. 

It is clearly seen that there is a signal from Mn2p here.  After a closer inspection of all 

samples, it can be seen that LTO_wc_2 also exhibits indications of these manganese peaks; 

see Figure 24. 

 

Figure 24. XPS spectrum displaying the Mn2p peak of sample LTO_wc_2. 

The spectrum of LTO_wc_2 is not complete proof of the existence of manganese on its 

surface due to the very weak signals, which are almost at noise level. However, there is an 
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indication of manganese being there. Figure 25 shows the spectra for the reference, and here 

no indication on the presence of manganese is seen. 

 

Figure 25. XPS spectrum displaying the spectral range of the Mn2p peak of the LTO_Ref sample. 

Thus, comparing the spectra of the reference and LTO_hf_2 supports the fact that something 

indeed has happened in this cell, and that this change can be observed in the presence of 

manganese. No other sample show any sign of the presence of manganese.  

Fig. 26 shows the spectrum of the Li-foil sample. No traces of manganese are evident in this 

graph either.   

 

Figure 26. XPS spectrum displaying the Mn2p peak of the Li_foil sample. 

To verify that the aluminium coating of the coated samples where covering the whole surface 

a scan for manganese were made, see Figure 27. Here it is observed that no manganese peak 
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can be found. This suggest that the coating is at 100 per cent coverage and at least 15 nm 

thick, since this is the analysis depth of this XPS system. 

 

Figure 27. XPS spectrum displaying the Mn2p peak of the reference alo coated LMO sample. 

 

5.4 Galvanostatic cycling data 

Figure 28 shows the cycling data for the whole-cells examined in this thesis work. The 

electrodes LTO_e4 and LTO_e5 are used in regular whole-cells, while LTO_e3 and LTO_e1 

are used in whole-cells where the LMO electrode has been coated with aluminium oxide. The 

y-axis is voltage and the x-axis time in these graphs. 
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Figure 28. Cycling data for the four whole-cells analysed by XPS. The LTO e5 and LTO e4 samples originates from 

two regular cells with LTO/LMO, while the LTO e1 and LTO e3 samples are from LTO/LMO cells where the LMO 

electrode had an ALD deposited aluminium oxide layer on top. 

 

From these curves, it can be seen that the general electrochemical behaviour is roughly the 

same for both types of cell. There is a slightly different shape for the aluminium oxide coated 

samples; the top peak for the coated electrodes is slightly wider than for the uncoated 

electrode upon closer inspection. This is possibly due to different kinetics in the 

electrochemical reactions, perhaps due to diffusion though the aluminium oxide layer. A 

detailed investigation of the electrochemistry is however outside the scope of this thesis.  

The Arbin instrument operates under constant current and monitors the voltage. One periodic 

movement in the graph represents one charge/recharge cycle in the battery, and the capacity 

in the battery is directly proportional to the length of the period, which can be seen as the 

distance between the peaks. The distance between the peaks is a lot shorter towards the 
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second half of the graph for the electrodes LTO_e5 and LTO_e1. This corresponds to a 

capacity loss – in these cases a rather dramatic. This severe capacity loss experienced in the 

cells of LTO e5 and LTO e1 is probably due to an assembly error, since LTO/LMO cells are 

reported to be a lot more stable than the results seen here. Assembly errors can be caused by a 

number of things, for example shortage in the cell, too much electrolyte or too high welding 

temperature for the container polymer bag. 
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6. Discussion 

The XRD data show that no dramatic changes take place in the structure of the LTO electrode 

during fast charge or discharge. There are no exact numbers on the current rate since the 

analysis were made using potential step. The intention of the study was a preliminary search 

for patterns in the structural behaviour, and since no such patterns were found, no deeper 

investigation of any such phenomena could be made. Almost all observed changes in the 

samples could be ascribed to the uncertainty of the computation method, and the small 

variations outside the standard deviation values are probably fluctuations in the wavelength 

from the synchrotron source or noise in the experimental equipment. Furthermore, no general 

trend is observed in the result which favours the idea that all observed variation is random 

noise. This could be an indication that LTO really is a zero-strain material, and can be used as 

an electrode material in batteries for high rate applications. However, the resolution in this 

test was too low to definitely say that no changes take place, only that no drastic changes 

happened, but to be able to make absolute statements a more elaborative study needs to be 

done. 

The XPS data in this study are perhaps more interesting. Manganese was found on both 

titanate electrodes in the standard type of LTO/LMO cell, as expected from previous work by 

I. Belharouak et al., but on no other surface. This strengthens the theory that manganese 

dissolves into the electrolyte, perhaps with the help of HF that is formed from the LiPF6 salt, 

and then later reacts at the LTO surface. The fact that no manganese was found on the lithium 

electrode in a half-cell with manganese suggests that this reaction is specific for LTO. The 

reason for this phenomenon is unclear, since the LTO electrode is physically separated from 

the cathode, and the same electrolyte was used in the half-cells and whole-cells with LFP. 

Perhaps LTO takes part in the reaction or serves a catalytic function? Moreover, it is also 

observed that this happens already at the early cycle numbers that were investigated in this 

study. The testing with LFP were done to have a reference system to LTO/LMO where LTO 

acts as an anode. Since LTO works as a cathode in a half cell with lithium it was desired to 

have a reference system without LMO where LTO was the anode. If manganese dissolution 

truly occurs, then more research should be done on how manganese can be stopped from 

dissolving in the electrolyte.  

One such strategy has been investigated in this study: using aluminium oxide coatings on the 

LMO electrodes. In these cells, no manganese was found on the LTO surface. This does not 

mean that the coating completely stops the manganese from dissolving; it might just slow 

down the process, and manganese could then perhaps be found on the LTO electrode at 

higher cycle numbers. From a limited study such as this, it is difficult to be very conclusive, 

but the results are surely encouraging. Furthermore, it remains to be verified that it is 

manganese that is causing the gas evolution.  The gas evolution is known to take time, and no 

gas could be observed in any of the cells investigated in this study. The reproducibility of the 

study also needs to be verified; four cells hardly constitute a solid basis for statistical analysis 

and firm conclusions. 

It can be seen from the galvanostatic battery cycling data that the uncoated type of 

LTO/LMO cell behaves very similarly during cycling as the cell with aluminium oxide 
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coated LMO. When comparing with the XPS data, this is quite interesting. The galvanostatic 

battery cycling data shows that the aluminium oxide hardly affects the electrochemistry in the 

battery, while the XPS data show that it can possibly prevent reaction between manganese 

and LTO, since no manganese was found on LTO in the cells with coated LMO. Since 

manganese dissolution is suspected to be the largest reasons for cell degradation in 

LMO/LTO cells, this coating strategy may help the commercialization of these battery 

chemistries. 
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7. Conclusion 

The purpose of this work was to study the mechanism of cell degradation in LTO/LMO cells 

and to test the zero-strain ability of LTO. This was mainly done with XPS and XRD analyses. 

Two conclusions can be made from the results. First, no major stress takes place in the 

titanate material when it is electrochemically active, even at high rates. Second, the XPS 

results clearly suggest that manganese do in fact dissolve into the electrolyte and diffuses 

over to the anode surface in LTO/LMO coupled cells when using LiPF6 salt in the electrolyte. 

Furthermore, preliminary results show that a thin aluminium oxide coating on the LMO 

electrode can help preventing dissolution and reaction of manganese in these cells. 
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8. Future outlooks 

This study opens up for several follow-up studies, not least considering the promising results 

of the aluminium oxide coating. First, the same set-up can be used on more cells that have 

been cycled for a longer period of time. This would show if aluminium oxide completely 

stops or merely slows down the dissolution of manganese. Furthermore, repetition of the 

experiments on the same type of cells would indicate reproducibility, thus providing a better 

ground for general statements on the results. Second, it would be interesting to do a long term 

study of gassing in the cells with both coated and uncoated LMO to see if there is any 

significant difference between these, and in this way see if the aluminium oxide coating 

prevents gassing. It would also be interesting to do impedance measurements and long term 

cycling studies on both uncoated and coated LMO to get a better picture of how the 

aluminium oxide affects the electrochemistry in the cell. Moreover, since the mechanism 

behind manganese dissolution is thought to be driven by hydrofluoric acid which is produced 

from the breakdown of the LiPF6 salt, it would be interesting to investigate LMO/LTO cells 

with another electrolyte salt and see if the problem persists. 
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